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ABSTRACT 
 
A Mother’s Sacrifice: The contribution of asymmetric cell division to lifespan 
regulation in Saccharomyces cerevisiae 
Ryo Higuchi-Sanabria 
 
Aging determinants are asymmetrically distributed during cell division in S. 
cerevisiae, which leads to production of an immaculate, age-free daughter cell. 
During this process, damaged components are sequestered and retained in the 
mother cell, while higher functioning organelles and rejuvenating factors are 
transported to and/or enriched in the bud. Here, we will describe the key quality 
control mechanisms in budding yeast that contribute to asymmetric cell division 
of aging determinants, with a specific focus on mitochondria.  
We find that the actin cytoskeleton, which drives transport of many cellular 
components in yeast, plays a crucial role in segregating fit from less fit 
mitochondria between mother and daughter cells. Since actin cables are dynamic 
structures that undergo retrograde flow, treadmilling from the bud towards the 
mother cell, they acts as filters to prevent damaged, dysfunctional mitochondria 
from being inherited by the daughter cell. This asymmetry has a direct impact on 
regulation of daughter cell fitness.  
A direct counterpart to mitochondrial motility events is anchorage of the 
organelle, which occurs in the mother tip, mother cortex, and bud tip in budding 
yeast. We find that mitochondrial fusion, together with tethering protein, serves to 
promote anchorage and accumulation of mitochondria at the bud tip. This 
anchorage must be properly maintained, as ectopic increase in mitochondrial 
anchorage can disrupt quality control mechanisms aimed at promoting 
asymmetric cell division. 
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Chapter 1 – Introduction 
 
Adapted from Higuchi-Sanabria R, Pernice WM, Vevea JD, Alessi Wolken DM, 
Boldogh IR, and Pon LA (2014). Damage sequestration and organelle 
rejuvenation promote cellular fitness and function. FEMS Yeast. 14 (8), 1133-
1146. 
 
Manuscript prepared by Higuchi-Sanabria R 
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1.1. Introduction 
Asymmetric cell division is the process whereby asymmetric inheritance of 
cellular components gives rise to two daughter cells that have different 
characteristics and fates. This process is essential for development and for 
maintaining stem and progenitor cell number and differentiation (1, 2). It also 
occurs in unicellular organisms including bacteria (e.g. Caulobacter and E. coli) 
and yeast (e.g. S. cerevisiae) (3-6). Asymmetric cell division can occur in 
response to either environmental or intrinsic cues. In eukaryotes, asymmetric cell 
division processes are dependent upon the cell polarity machinery and 
orientation of the mitotic spindle relative to fate-determining factors.   
One important consequence of asymmetric cell division in S. cerevisiae is 
mother-daughter age asymmetry, the phenomenon whereby daughter cells or 
buds are born young, irrespective of the age of their mother cell. Aging in yeast is 
manifest in two different lifespan measurements, which model two distinct forms 
of cellular aging  (7). Replicative lifespan, the number of divisions a cell can 
undergo prior to reaching senescence, is a model for aging in division-competent 
cells. Chronological lifespan, the survival time of non-dividing yeast cells in 
stationary phase, is a model for stress resistance in post-mitotic cells. 
Asymmetric cell division in budding yeast produces cells with differing replicative 
lifespans; it is not known whether yeast division produces asymmetry in 
chronological lifespan. 
Aging determinants that undergo asymmetric inheritance, including 
oxidatively damaged protein aggregates, mitochondria, vacuoles, 
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extrachromosomal rDNA circles and antioxidant activity, have been identified in 
S. cerevisiae. Moreover, emerging studies have revealed a role for the cell 
polarity machinery in the inheritance of these aging determinants. Specifically, 
the cytoskeleton can serve as a track or force generator for polarized movement 
of aging determinants from mother cells to buds and from buds to mother cells 
(8, 9). It also serves as a filter to prevent inheritance of damaged material from 
mother cells to buds (10). Anchorage of components at their delivery sites also 
promotes asymmetric inheritance of aging determinants (11). For example, in S. 
cerevisiae, higher functioning mitochondria, which promote lifespan, are 
trafficked to the bud tip, and are retained at that site by anchorage to membranes 
in the bud tip. Interestingly, there is evidence that the cytoskeleton drives 
movement of anchorage proteins, or mRNAs that encode the anchorage 
proteins, to their site of action (12). Finally, the cytoskeleton is required both for 
creation of a diffusion barrier at the bud neck, which contributes to maintenance 
of asymmetry between mother cells and buds, and for generation of a 
rejuvenating environment within the bud (13, 14). Such rejuvenation processes 
can promote mother-daughter age asymmetry by acting to restore what physical 
sequestration fails to or cannot accomplish. 
Here, we will discuss the mechanisms for establishing cell polarity in S. 
cerevisiae, determinants that are asymmetrically inherited during yeast cell 
division, the role of the polarity machinery in these events, and how asymmetric 
cell division promotes production of an immaculate daughter cell in yeast. We 
also discuss how some of the pathways identified in yeast may also act in 
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mammalian systems to promote cellular function and fitness in organisms with 
longer lifespans, including humans.  
 
1.2. Polarity establishment during cell division in S. cerevisiae.  
During cell division in budding yeast, a bud site is selected on the cell 
surface. Thereafter, the cytoskeleton is polarized toward that site, resulting in 
transport of cellular constituents from the mother cell to the bud, enabling bud 
growth. Here, we provide an overview of polarization of the actin, tubulin, and 
septin cytoskeletons during polarized growth and cell division in S. cerevisiae. 
The first step in cell division in S. cerevisiae is selection of a bud site. This 
process is mediated by cortical tags that localize to the selected bud site and 
activate a GTPase-dependent signaling cascade. This, in turn, results in 
assembly of the cytoskeleton that reflects and reinforces the established polarity. 
Cdc42p, the small GTPase, is a critical component of the GTPase cascade (15). 
It is activated by Bud1p/Rsr1p, another small GTPase, and its two regulatory 
partners, Bud2p and Bud5p. Their concerted action results in the establishment 
of two specialized cytoskeletal structures: the septin ring and the polarized actin 
cytoskeleton (16). Cdc42p polarization at a single cortical site depends on 
several factors organized by the scaffold protein Bem1p, which binds to Cla1p, a 
p21-activated kinase, and to Cdc24p, a GEF for Cdc42p (17).  
Many effectors participate in the polarized organization of actin and 
septins. Some of the effectors are organized into a functional system. One of 
these is the polarisome, which is a small network of functionally related proteins 
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that interact with each other at sites of polarized growth and regulate processes 
downstream of Cdc42p, such as polarized actin cable organization and 
exocytosis. This network includes Spa2p, a scaffold protein; Bni1p, a formin that 
catalyzes actin polymerization; Bud6p, which binds to actin monomers and 
promotes Bni1p activity; Pea2p, a protein with unknown function; and two GAPs, 
Msb3p and Msb4p, for the Rab protein Sec4p (15). Other effectors such as 
Gic1/2p and Cla4p participate in septin recruitment and septin ring assembly at 
the putative bud site (15). 
There are two F-actin-containing structures that persist through the cell 
cycle in S. cerevisiae: actin patches and actin cables. Actin patches are 
endosomes endowed with a coat of F-actin that form in the bud and are believed 
to be critical for recycling of membrane constituents during polarized secretion in 
the bud. Actin cables are bundles of F-actin filaments that align along the long 
axis of dividing cells from bud tip to mother tip and act as tracks and movement 
generators for cargo transport (18).  
The first evidence that actin cables serve as tracks for asymmetric cargo 
distribution during yeast cell division came from studies of Ash1p, a transcription 
repressor and cell fate determinant that localizes to the bud through most of the 
cell division cycle in S. cerevisiae. Here, asymmetric distribution is achieved, not 
by protein transport, but by mRNA transport. ASH1 mRNA, which is sequestered 
in ribonucleoprotein particles, binds to the type V myosin, Myo4p, using the cargo 
adapters She2p and She3p, and uses the forces generated by Myo4p for 
transport from mother cells to buds (19, 20).  More than 30 mRNAs use actin 
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cables for asymmetric inheritance and localization to the bud tip including 
mRNAs that encode proteins that mediate binding of ER to the plasma 
membrane (IST2, TCB2-3), anchorage and retention of higher functioning 
mitochondria in the bud tip (MMR1), and stress response (Fig. 1.1) (12, 21, 22). 
The roles of proteins encoded by these mRNAs in promoting daughter cell fitness 
and mother-daughter age asymmetry are described below. 
 Fig. 1.1. Cellular cargo, 
such as mRNA and 
microtubules, undergo 
bud-directed movement 
along actin cables. 
mRNAs move to the bud 
tip along actin cable 
tracks, by binding to type 
V myosin motors via 
cargo adapters (She2p 
and She3p). Several of 
these bud-localized 
mRNAs encode proteins 
that promote asymmetric 
segregation, including 
Mmr1p essential in 
anchorage of mitochon-
dria at the bud tip. The spindle apparatus aligns along the mother-bud axis using 
actin and microtubule-dependent force generators. Astral microtubules on the 
mitotic spindle bind to the type V myosin Myo2p using the cargo adapter Kar9p 
and the microtubule end-binding protein Bim1p, and move towards the bud tip 
using actin cables as tracks. This movement, together with pulling forces by 
dynein in the bud tip, results in alignment of the spindle apparatus along the 
mother-bud axis, which in turn leads to asymmetric cell division.  
 
Although many cytoskeletal tracks are static, actin cables are dynamic 
structures that undergo continuous retrograde movement from the bud into the 
mother cell (23) (Fig. 1.2). Two primary forces drive this movement termed 
retrograde actin cable flow (RACF) (24). First, there is a pushing force that is 
driven by elongation of actin cables by insertion of new material at the tip of the 
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actin cable in the bud tip or bud neck. This pushing force requires formins (Bni1p 
and Bnr1p), which stimulate actin polymerization for actin cable assembly. It also 
requires resident actin cable proteins that assemble with F-actin into actin cables 
including actin bundling proteins, fimbrin (Sac6p) and Abp140p, and 
tropomyosins, Tpm1p and Tpm2p, which stabilize F-actin cables and regulate 
actin cable dynamics, respectively. A pulling force also drives RACF via a type II 
myosin motor, Myo1p, anchored at the bud neck. In my thesis, I provide the first 
evidence that RACF is critical for asymmetric cell division and mother-daughter 
age asymmetry as a force generator for movement of aging determinants from 
buds to mother cells, and as a filter to prevent lower-functioning mitochondria 
from moving from mother cells to buds (9, 10).  
 
Fig. 1.2. Actin 
nucleation and 
Myo1p act in 
concert to drive 
retrograde actin 
cable flow. Actin 
cables are dyna-
mic structures that 
undergo retro-
grade movement 
from their site of 
assembly in the 
bud tip and bud 
neck towards the 
tip of the mother 
cell distal to the 
bud. In this model 
of RACF, the 
formin protein, 
Bni1p, stimulates 
polymerization of 
G-actin into F-actin at the bud tip. A similar process is driven in the bud neck via 
the formin protein, Bnr1p (not depicted). F-actin then assembles into actin cables 
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(Fig. 1.2 continued) using the bundling proteins fimbrin (Sac6p) and Abp140p, 
and tropomyosins, Tpm1p and Tpm2p. These bundles are inserted at the tip of 
the actin cable in the bud tip, providing a pushing force for RACF. The type II 
myosin at the bud neck binds to actin cables in a Tpm2p-regulated manner, and 
provides pulling forces for RACF. RACF drives movement from the bud towards 
the mother cell. During this process, cargos bind to dynamic actin cables and use 
them as “conveyor belts” for retrograde movement. 
 
To ensure that chromosomes are segregated to both the bud and mother 
cell, the spindle must align with the mother-bud axis. This alignment depends on 
two cytoskeleton-dependent pathways. First, Kar9p acts early in the cell cycle 
and links the plus ends of astral microtubules to polarized cortical actin cables by 
interacting with Myo2p, a type V myosin, and Bim1p, the yeast equivalent of the 
microtubule binding protein, EB1 (25, 26). Here, actin cables provide tracks for 
Myo2p-dependent movement of astral microtubules towards the bud tip, which 
results in alignment of the spindle apparatus along the mother-bud axis (27).  
Late in the cell cycle, a second pathway directs the minus end-directed 
microtubule motor, dynein, to exert pulling force onto the spindle, which also 
contributes to spindle alignment. To achieve the pulling force, dynein must be 
transported to and anchored at the cortex of the bud tip. This process is driven by 
astral microtubules, dynamic microtubules that extend and retract from the 
microtubule-organizing center, called the spindle pole body (SPB), and make 
contact with the cell cortex.  
Dynein is transported to the plus end of astral microtubules by Kip2p, a 
kinesin, and Bik1p (aka CLIP 170, a microtubule plus ending protein), or in their 
absence, by Bim1p, another microtubule plus end tracking protein (28-30). 
Dynein is then delivered to the bud tip by dynamic astral microtubules and is 
	  
	   9	  
retained at that site by binding to Num1p (31). The BAR-like domains on Num1p 
are critical for assembly of Num1p into cortical patches and for interaction of 
Num1p with dynein (32). Dynein that is anchored in the bud tip, binds to and 
generates pulling forces on astral microtubules, which results in alignment of the 
spindle along the mother-bud axis. Recent evidence showed that proper 
localization of Num1p is dependent on the ER diffusion barrier (33) (vide infra).  
Interestingly, the spindle itself is asymmetrically inherited. Duplication of 
the SPB gives rise to a new SPB and an old SPB. The old SPB is always 
inherited by the bud. A recent study showed that this age-dependent inheritance 
of the SPB is specified by a SPB component, Nud1p, through the Mitotic Exit 
Network (MEN) pathway (34). In addition, Kar9p localizes only to microtubules 
that emanate from the old SPB toward the bud (35). This asymmetric localization 
requires SUMOylation and Cdk1p-dependent phosphorylation of Kar9p (36), 
which is stabilized by MEN-dependent phosphorylation of Kar9p (34).  
The septin cytoskeleton also contributes to asymmetric cell division and 
mother-daughter age asymmetry. Septins are a subfamily of GTP-binding 
proteins that form higher-order structures, including filaments, rings, and cage-
like structures (37-42). The septins localize to the pre-bud site forming 
unorganized patches that re-organize into a single cortical ring (43, 44). The 
single septin ring later rearranges into an hourglass structure. As the bud grows 
and at the initiation of cytokinesis, the septins form a double ring surrounding the 
actomyosin ring (45, 46). After cytokinesis, a single septin ring is retained in both 
the mother and daughter cells, marking the site of cell separation (45). The 
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septins act as a scaffold for contractile ring assembly and primary septum 
formation, two processes that drive cytokinesis in budding yeast. The septins 
also establish a diffusion barrier at the bud neck, which is critical for asymmetric 
cell division, as described below. 
 
1.3. Retention of damaged protein aggregates in mother cells. 
As cells age, oxidatively damaged proteins begin to accumulate, forming 
toxic protein aggregates. These protein aggregates are preferentially retained in 
the mother cell, which promotes mother cell aging and production of a daughter 
cell with a full replicative lifespan (47-49). This asymmetric inheritance is 
established by two mechanisms: one sequesters damaged protein aggregates in 
the mother cell, and the other removes aggregates from the daughter cell. Both 
processes are important for promoting cellular health and lifespan (50, 51). 
Elevation of the type I metacaspase, Mca1p, promotes clearance of aggregates 
in daughter cells and extends lifespan (50). In addition, Sir2p, the founding 
member of the Sirtuin family of lifespan regulators, has genetic interactions with 
proteins that are required for asymmetric inheritance of protein aggregates and 
promote longer lifespan (51). These studies provide evidence that protein 
aggregates are bona fide aging determinants and not just a marker of aging.  
Damaged or aggregated proteins are sequestered in two quality control 
compartments, the juxtanuclear quality control compartment (JUNQ) and the 
insoluble protein deposit (IPOD) (52). Under certain stress conditions, misfolded 
proteins accumulate in JUNQs, which are punctate, perinuclear structures. In 
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contrast, IPODs are sites where aggregation-prone, insoluble proteins are 
sequestered and are found near the vacuole (53). Hsp104p, a disaggregase that 
binds to misfolded proteins and promotes their refolding or degradation when 
refolding cannot occur, has been localized to IPODs (52, 53).  
Hsp104p, the actin cytoskeleton and Sir2p are all required for asymmetric 
inheritance of protein aggregates (14, 53-55). Deletion of HSP104 results in a 
breakdown of damage asymmetry and failure of protein stress foci to undergo 
degradation or form inclusions, while its overexpression partially rescues defects 
seen in sir2∆ cells (14, 53). Destabilization of the actin cytoskeleton or actin 
cables results in loss of the asymmetric segregation of protein aggregates, 
including Hsp104p-associated oxidized protein aggregates and Huntingtin 
aggregates (9).  
Cells lacking Sir2p exhibit increased protein carbonylation, premature 
protein aggregate formation and failure to retain damaged proteins in the mother 
cell. A genome-wide screen in S. cerevisiae revealed a link between Sir2p and 
proteins required for polarization of the actin cytoskeleton (Spa2p, Pea2p, 
Bud6p, Cdm1p, Myo2p) and proteins involved in assembly, elongation, and 
retrograde flow of actin cables (Bni1p) (9, 51). Consistent with this, deletion of 
Sir2p destabilizes actin cables and inhibits RACF (9, 10). This raises the 
possibility that Sir2p may function in asymmetric inheritance of protein 
aggregates through effects on the actin cytoskeleton and RACF.  
Interestingly, regulators of Sir2p also function in maintenance of 
cytoskeletal integrity. In my thesis research, I obtained evidence that Sum1p, a 
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transcriptional regulator identified in a mutagenesis screen to function as a 
suppressor of Sir2p when deleted, plays antagonistic roles in regulation of the 
actin and tubulin cytoskeleton. This work is described in Chapter 4 of this report.  
The precise role of actin cables in asymmetric inheritance of protein 
aggregates is controversial. GFP-Hsp104p labeled oxidized protein aggregates 
exhibit linear, polarized movement from buds towards mother yeast cells (9, 49, 
53). These studies also revealed that Hsp104p and Huntingtin aggregates co-
localize with actin cables, and that destabilization of actin cables by deletion of 
the tropomyosin, Tpm1p, results in loss of the asymmetric distribution of oxidized 
protein aggregates. Other studies revealed that cargos, like endosomes (actin 
patches) and mitochondria, can bind to actin cables and use the force of RACF 
to drive their movement from buds to mother cells (8, 56). Together, these 
findings support the model that RACF generates asymmetric distribution of 
protein aggregates by driving their movement from buds to mother cells (Fig. 
1.3A).  
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Fig. 1.3. The directed movement 
and stochastic diffusion models of 
protein aggregate retention in 
mother cells. A) One model for 
actin cable function in clearance of 
protein aggregates from buds. 
Here, protein aggregates move in a 
directed, RACF-dependent fashion 
from buds toward mother cells and 
are sequestered at IPODs and 
JUNQs within the mother cell. B) 
According to the stochastic diff-
usion model of protein aggregate 
movement, protein aggregates 
undergo random diffusion. Because 
the mother cell is much larger than 
the bud and the bud neck is a tight 
bottleneck, large protein aggre-
gates that form in the mother cell 
are retained in the mother and are 
not inherited by the bud.  
 
On the other hand, Zhou et al. used a particle-tracking algorithm to follow 
the patterns and trajectories of these aggregates and concluded that damaged 
protein aggregates undergo stochastic, rather than directed, diffusion (57). They 
propose that the difference between mother and bud sizes and the narrow width 
of the neck are sufficient for retention of protein aggregates in the mother cell 
(Fig. 1.3B). However, a recent study indicates that increasing cell cycle time or 
increasing mother cell size, which should decrease or promote diffusion-
dependent retention of protein aggregates in mother cells, respectively, has no 
effect on the asymmetric distribution of protein aggregates (51).  
It is possible that the stochastic movements detected by Zhou and 
colleagues may be those of inclusions, like IPODs or JUNQs, that are bound to 
organelles, have limited movement, and are retained in mother cells (53, 58). 
	  
	   14	  
RACF may help establish asymmetry by trafficking damaged proteins and 
smaller stress foci to these IPODs, JUNQs, or similar inclusions, which are then 
retained in the mother cells by their association with its corresponding organelles. 
Recent work has identified that formation of protein aggregates requires new 
polypeptide synthesis (59). These aggregates are formed on the ER, and are 
later captured by mitochondria. During cell division, aggregate-bound 
mitochondria are maintained in the mother cell via anchorage, while mitochondria 
inherited by the daughter cell are widely devoid of aggregates. Still to be 
identified is how aggregates distinguish between maternally-maintained and 
daughter-cell-inherited mitochondria.  
The integrity and dynamics of the actin cytoskeleton also has implications 
for cellular health in non-dividing cells. Mice that lack the actin depolymerizing 
protein, cofilin2, exhibit accumulation of cytotoxic protein aggregates and defects 
in actin organization and skeletal muscle maintenance (60). While the causal 
relationship of these two phenotypes remains to be investigated, it is possible 
that protein aggregates normally undergo cytoskeleton-dependent movement to 
be sequestered and confined in non-dividing mammalian cells. Indeed 
mechanisms involving dynein-dependent retrograde transport along microtubules 
have been implicated in formation of damaged protein inclusions called 
aggresomes in mammalian cells (61, 62). These aggresomes accumulate around 
centrosomes, and may potentially act as a center to concentrate damaged 
proteins for resolution by clearance pathways, such as autophagy (63).  
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1.4. Inheritance of fitter mitochondria by buds 
The mitochondrion is an essential organelle acting as the hub of energy 
production, central metabolism, and other activities, such as calcium signaling 
and regulation of apoptosis. Accumulation of mitochondrial damage leads to loss 
of function of the organelle and is implicated in aging and related diseases such 
as neurodegeneration and muscle myopathies (4, 64-66). Dysfunctional 
mitochondria are characterized by lower ATP production, decreased membrane 
potential (∆ψ), loss of or damage to mitochondrial DNA (mtDNA), increased 
reactive oxygen species (ROS) production, and more oxidizing redox states (4, 
67-69).  
Recent studies showed that mitochondria in S. cerevisiae are not a single, 
continuous reticulum (4). Specifically, fluorescence loss in photobleaching (FLIP) 
experiments indicate that mitochondria in large buds are physically distinct from 
mitochondria in mother cells. Moreover, use of biosensors to assess 
mitochondrial function in living yeast revealed that mitochondria in the bud have 
lower levels of ROS and are more reducing compared to mitochondria in mother 
cells. Thus, mitochondria, known aging determinants, undergo asymmetric 
inheritance, based on their functional state, during yeast cell division (4).  
Since the direction of RACF is from buds to mother cells, mitochondria 
effectively “swim upstream” against the opposing force of RACF to move from 
mother cells to buds. In my thesis research, I obtained evidence that RACF 
contributes to the asymmetric inheritance of mitochondria by serving as a filter to 
prevent damaged and dysfunctional mitochondria from entering the bud during 
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inheritance and/or as a force generator to drive movement of low functioning 
mitochondria out of buds. This research is described in Chapter 2 of this thesis. 
As a natural counterpart to mitochondrial transport, mechanisms to arrest 
transport or anchor mitochondria at specific subcellular areas play essential roles 
in adapting mitochondrial distribution to cellular needs and directly interface with 
pathways of mitochondrial quality control (70, 71). Recent studies support a role 
for anchorage of mitochondria in the bud tip in asymmetric inheritance of the 
organelle and lifespan control. Visualization of mitochondria in living yeast cells 
revealed that they accumulate in the bud tip by anchorage to a limited number of 
sites in the bud tip by binding to cortical ER (cER), a network of ER tubules and 
sheets that is anchored to the plasma membrane (11).  
These studies also revealed a role for Mmr1p in anchorage of 
mitochondria in the yeast bud tip. Mmr1p is a DSL-family tethering protein that 
undergoes asymmetric inheritance during yeast cell division. Mmr1p is 
asymmetrically distributed during yeast cell division: the protein and mRNA 
encoded by the MMR1 gene localize to the bud tip. Myo4p, and the cargo 
adapters, She2p and She3p, drive movement of MMR1 mRNA to the bud (12). 
Myo2p, another type V myosin, and a protein phosphatase, Ptc1p, which affects 
the phosphorylation state of Mmr1p, are required for localization of MMR1-
encoded protein to the bud tip (11, 72). Moreover, deletion of MMR1 abolishes 
accumulation and anchorage of mitochondria at the bud-tip. Finally, Mmr1p 
localizes at the interface of mitochondria and cER at the bud tip and is recovered 
with both organelles upon cellular fractionation. These studies support a role for 
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Mmr1p in docking mitochondria in the bud tip by tethering mitochondria to cER at 
that site (11).  
Interestingly, mmr1∆ cells also have defects in asymmetric segregation of 
mitochondria, replicative lifespan, and mother-daughter age asymmetry. Deletion 
of MMR1 gives rise to two populations of yeast cells: a short-lived population of 
cells with more oxidizing mitochondria and increased mean generation time, and 
a long-lived population with decreased mean generation time and mitochondria 
of superior redox state and reduced ROS levels. The majority of the short-lived 
population of mmr1∆ cells fail to give rise to daughter cells. However, the 
daughters of long-lived mmr1∆ cells have replicative lifespans that are 
significantly shorter than that of their mother cells (4). These studies provide 
additional links between mitochondrial function and asymmetric inheritance of the 
organelle with lifespan. They also provide a role for Mmr1p in this process, as a 
docking protein that anchors and retains higher functioning mitochondria in the 
bud tip.   
The Rab-like protein, Ypt11p, has been implicated in facilitating retention 
of mitochondria at the bud tip by promoting the inheritance of cER. Ypt11p 
localizes to cER in the bud and is required for normal inheritance of cER (73). 
Deletion of YPT11 results in defects in anchorage of mitochondria in the bud tip, 
which are less severe than those observed upon deletion of MMR1 (74, 75). 
ypt11∆ exhibit aging defects that are similar to those observed in mmr1∆ cells. 
Deletion of YPT11 gives rise to a long-lived and short-lived population of yeast 
cells (76). While Mmr1p and Ypt11p appear to have a functional relationship in 
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mitochondrial anchorage, recent evidence suggests they may also have partially 
redundant roles in anterograde mitochondrial transport by linking mitochondria to 
Myo2p (77, 78). Their direct role in mitochondrial trafficking is still under 
investigation, but it is clear that through their role in mitochondrial anchorage, 
they can counterbalance the effects of mitochondrial motility and ultimately affect 
inheritance. We have also identified a novel role for mitochondrial fusion in 
anchorage of the organelle at the yeast bud tip, and its implications in lifespan. 
These studies are described in Chapter 3 of this thesis.  
Given the critical roles of Mmr1p and Ypt11p in anchorage at the bud tip, 
the recent identification of Num1p as a maternal anchorage protein (79) sparked 
considerable interest in the role of maternal mitochondrial retention during cell 
division. Num1p binds the plasma membrane via its C-terminal pleckstrin 
homology (PH) domain and forms cortical patches, which localize to the mother 
cell through most of the cell cycle (80). Deletion of NUM1 results in defects in 
peripheral localization of mitochondria along the maternal cellular cortex as 
tubules (79). Mitochondria in these mutants were also more mobile, suggesting a 
role in physical anchorage and retention of mitochondria in the mother cell. Yet to 
be determined is whether there are other proteins that contribute to retention of 
mitochondria in mother cells, and how this process affects mitochondrial quality 
control during inheritance, lifespan, and mother-daughter age asymmetry. 
During the course of my thesis research, I also obtained evidence for a 
role for the mitochondrial fusion machinery in anchorage of mitochondria in the 
yeast bud tip and mitochondrial quality control during inheritance. Mitochondria 
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are dynamic organelles that undergo cycles of fusion and fission events, which 
shape the mitochondrial compartment. Promoting fusion will result in an 
elongated, interconnected network of mitochondria, while shifts towards fission 
produces fragmented mitochondria. The large, interconnected network of 
mitochondria are beneficial in metabolically active cells (81), while fission can 
promote sequestration of damaged compartments (82).  
In yeast, mitochondrial fusion is mediated by the concerted efforts of outer 
membrane fusion protein, Fzo1p (83), and inner membrane fusion protein, 
Mgm1p (84). Ugo1p interacts directly with both Fzo1p and Mgm1p to promote 
simultaneous fusion of inner and outer membranes (85). Mitochondrial fission is 
mediated by Dnm1p, which is recruited from the cytosol by Fis1p and Mdv1p (86, 
87) and assembles into a ring, which constricts to sever the mitochondrial tubule 
(88). Mitochondrial fusion may promote mitochondrial quality by promoting inter-
organelle complementation and content mixing, while mitochondrial fission 
promotes mitochondrial quality by sequestration of damage into fragments of the 
organelle, which can be targeted for degradation via mitophagy (89, 90).  
 
1.5. Role of diffusion barriers at membranes in the bud neck in asymmetric 
cell division. 
 
1.5.1. Diffusion barriers in the plasma membrane 
As described above, >30 mRNAs undergo actin-dependent transport to 
the bud in S. cerevisiae. At least 10 of the proteins encoded by these mRNA are 
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asymmetrically distributed including Mmr1p, the protein that mediates anchorage 
of high functioning mitochondria in the bud tip, and Ist2p, Tcb2p and Tcb3p, 3 of 
the 6 proteins that mediate anchorage of cER to the plasma membrane (12). 
Equally important, most of the proteins that are encoded by bud tip-targeted 
mRNAs and asymmetrically distributed are membrane-associated. Early studies 
on Ist2p revealed a diffusion barrier in the plasma membrane at the bud neck 
that contributes to asymmetric distribution of proteins encoded by bud-targeted 
IST2 mRNA (20). Fluorescence recovery after photobleaching (FRAP) revealed 
that GFP-Ist2p freely diffuses in the membrane of the bud, but does not diffuse 
across the bud neck in wild-type yeast. However, shift of a temperature sensitive 
septin mutant (cdc12-6) from permissive to restrictive temperature results in loss 
of the asymmetric distribution of GFP-Ist2p. These studies support the model that 
septins are required for formation of a diffusion barrier in plasma membrane at 
the bud neck that maintains the asymmetric distribution of plasma membrane 
proteins synthesized in or transported to the bud.  
 
1.5.2. Diffusion barriers in the ER  
Fluorescence loss in photobleaching (FLIP) experiments on fluorescent 
proteins targeted to the ER lumen or membrane revealed that there is also a 
barrier at ER membranes near the bud neck (13, 33, 91). Furthermore, recent 
work showed that misfolded ER and Golgi proteins are retained in the mother cell 
by a diffusion barrier formed at the bud neck (13). Production and maintenance 
of the diffusion barrier is dependent on the concerted effort of several factors (13, 
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33, 91, 92). First, a septin ring is formed and recruits cell polarization proteins 
including the Ras family protein Bud1p and its GTP/GDP exchanger, Bud5p. 
These proteins activate polarisome proteins, such as Pea2p and Bud6p, a 
protein that contributes to actin cable formation and assembly, via the Rho-family 
GTPase protein Cdc42p and its guanine nucleotide exchange factor, Cdc24p. 
This then results in the accumulation of sphingolipids at the bud neck, which act 
– either directly or indirectly as a scaffold for secondary proteins – to prevent 
lateral diffusion of misfolded ER proteins from mother to daughter cell (Fig. 1.5).  
A recent study proposed a novel role for the septin Shs1p in recruiting 
Scs2p and Epo1p to the septin ring to maintain the ER diffusion barrier (33). 
Scs2p is an integral ER membrane protein and one of the 6 proteins that links 
cER to the plasma membrane. It also controls PIP4 metabolism. Epo1p binds to 
both Scs2p and Shs1p, and may therefore tether cER to the septins. Mutations 
that disrupt the interaction or functions of Shs1p, Scs2p, and Epo1p result in free 
diffusion of ER membrane proteins between mother and bud cells, suggesting 
that this ER-septin complex contributes to the ER diffusion barrier.  
These findings support that model that a diffusion barrier at ER 
membranes in the bud neck of S. cerevisiae prevents movement of ER proteins 
between the bud and mother cell, and a role for the septins and sphingolipids in 
generating that diffusion barrier. Septins also localize to the dendritic spines of 
neurons where there is highly restricted diffusion of ER proteins (93, 94). Thus, 
septins may also contribute to ER diffusion barriers in higher eukaryotes.  
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Disruption of any of the proteins required for the ER diffusion barrier 
results in inheritance of misfolded ER proteins by the daughter cell. It also affects 
lifespan under conditions of ER stress produced by deletion of YOS9, an ER 
quality control lectin. BUD1, a bud site selection gene, and SUR2, which encodes 
a sphingolipid biosynthetic enzyme, are both required for the ER diffusion barrier 
at the bud neck. Deletion of either protein rescues lifespan in yos9∆ cells (13). 
Bud1p and Sur2p have additional functions other than control of the diffusion 
barrier in ER at the bud neck, which may be the cause of the characterized 
lifespan effects. However, these findings raise the possibility that this diffusion 
barrier contributes to lifespan control in yeast undergoing ER stress through 
effects on the asymmetric distribution of unfolded ER proteins (95).  
 
1.5.3. Diffusion barriers in the nuclear envelope 
 One of the first identified markers of replicative age in S. cerevisiae is the 
accumulation of extrachromosomal ribosomal DNA circles (ERCs) in the nucleus 
of mother cells (96, 97). rDNAs consist of tandem repeat arrays. Recombination 
within rDNAs results in copy number loss and generation of ERCs. Several 
findings support a link between ERCs and lifespan control. Expression of high-
copy episomal DNAs reduces replicative lifespan (98). Moreover, deletion of 
SIR2, which results in premature formation of ERCs by increasing rDNA 
recombination rates, results in decreased lifespan (99). Thus, age-associated 
increases in ERCs may decrease lifespan. On the other hand, deletion of FOB1, 
a gene encoding a replication fork block protein, results in decreased rDNA 
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recombination and ERC formation and increases lifespan (99). Similarly, loss of 
Sgf73p, a component of the SAGA complex, which counteracts Sir2p function in 
rDNA recombination, has been shown to significantly increase lifespan (100).  
How ERCs specifically contribute to aging and ultimately senescence in 
yeast is still unknown. They may sequester essential replication factors, 
transcription factors, or repair proteins, making them unavailable for endogenous 
functions. Alternatively, there is evidence that rDNA instability, which gives rise to 
ERCs and are caused by ERC accumulation, is an aging determinant. Ganley et 
al. find that ERC levels are not linked to lifespan in yeast. Instead, they find that 
conditions, which promote or reduce rDNA instability decrease and increase 
lifespan, respectively. They also find that multi-copy episomal plasmids can 
induce rDNA instability and that rDNA instability is preferentially reduced in 
mother cells (101). This study supports the model that rDNA instability 
contributes to lifespan control, presumably by reducing ribosome quality and 
quantity (101, 102). Moreover, since ERCs are episomes, they may also 
contribute to lifespan control through effects on rDNA stability. Indeed, 
accumulation of ERCs in mother cells may contribute to instability of rDNA, which 
occurs in mother but not daughter cells.  
The underlying mechanism promoting asymmetric inheritance of ERCs is 
controversial. There is evidence that septin-dependent diffusion barriers in the 
nuclear envelope inhibit the passage of ERCs to the daughter cell in S. 
cerevisiae (13, 103). The diffusion barrier in the nuclear envelope is similar, but 
not identical to that found in the ER. Nuclear envelope diffusion barriers require 
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septins, sphingolipids, and Bud6p, but do not require Bud1p. Shcheprova et al. 
find that the diffusion barrier in the nuclear envelope at the bud neck prevents 
passage of nuclear pore complexes (NPCs) from the mother cell to the bud and 
that binding of ERCs to NPCs may be responsible for retention of ERCs in the 
mother cell (103). Consistent with this, other groups find that a subset of newly 
synthesized NPC proteins associate with the ER and are preferentially inherited 
by the bud and that this process requires the actin cytoskeleton, Myo2p, and a 
sub-complex containing the NPC protein, Nsp1p. They also find that damaged 
NPCs or NPCs that lack essential components, such as Nup57p, Nup82p, or 
Nsp1p, cannot enter the bud and are retained in the mother cell (104, 105).  
However, other studies indicate that a subset of NPCs, old NPCs, can be 
inherited by daughter cells (105-107) and that tethering of plasmids to the NPC 
does not result in asymmetric segregation of the plasmids (108). Moreover, 
visualization of episomes in living yeast confirms that they are retained in the 
mother cell nucleus, but freely diffuse in the nucleoplasm and are depleted at the 
nuclear envelope (109). Thus, there is evidence that episomes do not associate 
with NPCs. Indeed, these studies find that the geometry of the nucleus and the 
short length of the yeast cell division cycle are critical for retention of episomes in 
mother cells.  
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Fig. 1.4. The septin cytoskeleton and sphingolipids serve as a diffusion barrier in 
the ER, plasma membrane, and nuclear envelope. Septins form a ring at the bud 
neck, which allows recruitment of polarization proteins and accumulation of 
sphingolipids at that site. The concerted effort of these factors produces a 
diffusion barrier, which prevents free diffusion of transmembrane – and 
potentially some luminal – proteins within the ER, plasma membrane, and 
nuclear envelope at the bud neck. This diffusion barrier may promote asymmetric 
segregation of factors, including ERCs, NPCs, and damaged ER proteins, such 
that damage is retained in the mother (depicted in red) and daughter cells inherit 
only healthy and fully functional cellular components (depicted in green). 
 
1.6. Pathways for active daughter cell rejuvenation. 
Previous studies revealed that higher-functioning mitochondria, that are 
more reducing and have less ROS, are preferentially inherited by buds through 
multiple generations of yeast cell division, and that defects in this process affects 
lifespan and mother-daughter age asymmetry (4, 10). These studies and others 
also revealed that mitochondrial function in mother cells and buds declines with 
age as early as 2 generations, despite the fact that mitochondria in buds are fitter 
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compared to those in their associated mother cells (4, 10). Thus inheritance of 
the fittest mitochondria contributes to, but is not sufficient for, generation of fully 
functional mitochondria in daughter cells. Below, we describe two mechanisms 
for daughter cell rejuvenation that may promote the function of mitochondria and 
other cellular constituents in daughter cells.  
 
1.6.1. Activation of peroxidases in bud cells rejuvenates them post-
cytokinesis. 
One mechanism for daughter cell rejuvenation is increasing antioxidant 
activity (14). Specifically, Erjavec and Nystrom show that the levels of cytosolic 
peroxidase, Ctt1p, hydrogen peroxide, and superoxide are similar in mother cells 
and their associated buds. However, immediately after cytokinesis and 
separation of buds from mother cells, there is a 2-fold increase in catalase 
activity and a precipitous decrease in ROS levels in daughter cells, but not in 
mother cells. Daughter cell-specific activation of catalase does not occur in sir2∆ 
cells or in cells treated with Latrunculin-A, a drug that disrupts the actin 
cytoskeleton. These findings indicate that a rejuvenating environment, which 
reduces oxidative stress, is generated in daughter cells after they have separated 
from mother cells. Since mitochondria in buds exhibit a decrease in redox state 
and increase in superoxide levels as a function of mother cell age, this 
rejuvenating environment in daughter cells can promote the function of 
mitochondria and other daughter cell constituents that are damaged by 
mitochondrial ROS.  
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Future studies will reveal the role of Sir2p and the actin cytoskeleton in 
this daughter cell-specific rejuvenation mechanism. However, recent work 
revealed that S. cerevisiae undergoes rejuvenation that resets the aging clock 
during sporulation, the meiosis-driven conversion of diploid cells to haploid 
spores (110). Specifically, as old mother cells undergo sporulation, they exhibit 
an increase in Hsp104p aggregates and ERCs. However, after completion of 
meiosis and sporulation, the spores have decreased Hsp104p-protein 
aggregates and ERCs, and replicative lifespans that are similar to that of spores 
from young mother cells. These studies also revealed that Ndt80p, a sporulation-
specific transcription factor, is required for resetting the aging clock after 
sporulation. Interestingly, expression of Ndt80p in yeast undergoing vegetative, 
mitosis-driven growth is sufficient to extend the lifespan of old yeast cells. Thus, it 
is possible that genes regulated by Ndt80p may contribute to catalase 
rejuvenation after completion of mitotic cell division in S. cerevisiae. 
 
1.6.2. Vacuolar re-acidification in bud cell rejuvenation 
Vacuole fitness is associated with its acidity, which declines early with age 
in S. cerevisae (68). It is not clear what causes this decline in vacuole function; 
however, it is clear that this has implications in aging. Indeed, mouse models of 
Alzheimer’s disease exhibit decreased autophagy due to loss of lysosomal 
acidity (111). In addition, overexpression of VMA1, the catalytic subunit of the 
vacuolar H1-ATPase, results in increased and prolonged vacuolar acidity and an 
increase in replicative lifespan in budding yeast (68). Using DiOC6 to monitor 
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mitochondrial Δψ, these studies confirmed previous findings that mitochondria in 
mother cells and buds also undergo a decline in function with early age. 
Interestingly, overexpression of VMA1 also reduces the age-associated decline 
in mitochondrial Δψ.  
Perhaps surprisingly, vacuolar function in degradation of cellular 
constituents does not contribute to its function in lifespan control. Rather, loss of 
vacuolar acidity results in the progressive accumulation of neutral amino acids, 
including glutamine, within the cytosol. Mitochondria internalize neutral amino 
acids using Δψm-dependent transport processes, which decreases mitochondrial 
fitness and induces fragmentation of the organelle (68). Additionally, the buildup 
of neutral amino acids increases TORC1 activity, which has pro-aging 
consequences (68, 112).  
Interestingly, these studies also revealed that vacuoles undergo 
asymmetric inheritance. Specifically, vacuoles in mother cells undergo a decline 
in acidity (112). However, vacuoles in daughter cells remain acidic irrespective of 
the age of the mother cell (113). This asymmetry in vacuolar acidity is promoted 
by the inherent asymmetry in the plasma membrane proton ATPase, Pma1p, 
which pumps protons out of the cytosol and antagonizes vacuolar acidity by 
decreasing the pool of cytoplasmic protons available for import into the vacuole 
via vacuolar ATPases. Pma1p is retained in aging mother cells and its absence 
in the bud increases the availability of protons in the bud cytosol, allowing re-
acidification of the vacuole specifically in the bud (113). Control of vacuolar 
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acidity may be another mechanism for rejuvenation of mitochondria and other 
aging determinants in yeast daughter cells. 
 
1.7. Ongoing questions 
Successful proliferation of the single-celled S. cerevisiae is dependent on 
“resetting” the age of the daughter cell. Aberrant and dysfunctional proteins and 
organelles are retained in the mother cell while the daughter inherits highly 
functional organelles and a higher proportion of proteins and their mRNAs 
involved in stress response and repair. Mitochondria, the vacuole, ERCs, ER, 
mRNA, and damaged protein aggregates are all asymmetrically inherited during 
division in budding yeast. This asymmetry is dependent on the actin, microtubule, 
and septin cytoskeletons. Several important questions are yet to be answered 
regarding key mechanisms that result in asymmetry, and several of these 
questions will be addressed throughout this report. For example, while there are 
key aging determinants that are retained in the mother cell including ERCs and 
damaged protein aggregates, the mechanisms that result in this asymmetry are 
still poorly understood. What mechanism underlie actin-dependent retention of 
damaged protein aggregates in the mother cell? Are there other still unidentified 
aging determinants that are asymmetrically segregated via the actin 
cytoskeleton? What other pathways are involved in regulation of mitochondrial 
quality or actin cytoskeletal integrity, and how do they impact cellular lifespan?  
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Chapter 2 – Actin dynamics affects mitochondrial quality control and aging 
in budding yeast. 
 
Adapted from Higuchi R, Vevea JD, Swayne TC, Chojnowski R, Hill V, Boldogh 
IR, and Pon LA (2013). Actin dynamics affects mitochondrial quality control and 
aging in budding yeast. Curr Biol. 23, 2417-2422. 
 
All data and manuscript generated by Higuchi R 
Chojnowski R contributed to imaging for Fig. 2.1, 2.3A, and 2.4A-C 
Swayne TC and Boldogh IR contributed to editing of manuscript 
Vevea JD and Hill V contributed to pilot experiments (data not included here) 
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2.1 Summary 
Actin cables of budding yeast are bundles of F-actin that extend from the 
bud tip or neck to the mother cell tip, serve as tracks for bidirectional cargo 
transport, and undergo continuous movement from buds towards mother cells 
(23). This movement, retrograde actin cable flow (RACF), is similar to retrograde 
actin flow in lamellipodia, growth cones, immunological synapses, dendritic 
spines and filopodia (114-117). In all cases, actin flow is driven by the push of 
actin polymerization and assembly at the cell cortex, and myosin-driven pulling 
forces deeper within the cell (24, 118-121). Therefore, for movement and 
inheritance from mothers to buds, mitochondria must “swim upstream” against 
the opposing force of RACF (8). We find that increasing RACF rates results in 
increased fitness of mitochondria inherited by buds, and that the increase in 
mitochondrial fitness leads to extended replicative lifespan and increased cellular 
healthspan. The sirtuin SIR2 is required for normal RACF and mitochondrial 
fitness, and increasing RACF rates in sir2∆ cells increases mitochondrial fitness 
and cellular healthspan but does not affect replicative lifespan. These studies 
support the model that RACF serves as a filter for segregation of fit from less fit 
mitochondria during inheritance, which controls cellular lifespan and healthspan. 
They also support a role for Sir2p in these processes.  
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2.2. Results/Discussion 
 
2.2.1. Altering the rate of retrograde actin cable flow affects mitochondrial 
quality control during inheritance. 
 Microtubules and microfilaments are well-known as tracks for intracellular 
organelle and cargo movement. In many cases, the tracks are static. However, in 
the budding yeast, the tracks are moving in the direction that is opposite that of 
organelles as they move from mother cells to buds during cell division. Here, we 
tested the hypothesis that retrograde actin cable flow (RACF) can exercise 
mitochondrial quality control during cell division. If RACF serves as a filter to 
prevent low-functioning mitochondria from moving from mother cells to buds, 
then increasing the rate of RACF should result in inheritance of fitter, more motile 
mitochondria, and slowing the rate of RACF should have the opposite effect.  
To test this hypothesis, we measured mitochondrial motility and function in 
myo1∆ and tpm2∆ yeast, which show altered retrograde cable flow rates. Myo1p, 
a type II myosin that localizes to the bud neck, generates pulling forces for RACF 
and for contractile ring closure (24). Tpm2p is one of two tropomyosins in yeast. 
The only known function of Tpm2p is to regulate RACF by regulating the binding 
of Myo1p to actin cables (24). 
Deletion of MYO1 or TPM2 has no obvious effect on actin cable 
abundance, polarization of the actin cytoskeleton (as assessed by enrichment of 
actin patches, endosomes that are invested with a coat of F-actin, in the bud), or 
the steady state level of the sirtuin Sir2p (Fig. 2.1A, Fig. 2.S1). Deletion of MYO1 
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results in 28.5 and 21.4% decreases in the velocity of RACF and retrograde 
mitochondrial movement, respectively. Conversely, deletion of TPM2 results in 
32.3 and 28.1% increases in the velocities of retrograde actin cable and 
mitochondrial movement, respectively (Fig. 2.1B-E). Thus, altering the rate of 
RACF results in a corresponding change in the velocity of retrograde 
mitochondrial movement.  
 
Fig. 2.1. RACF affects mitochondrial motility, but does not alter actin cable 
abundance or polarity. (A) Images of rhodamine-phalloidin stained actin in wild-
type, myo1∆, and tpm2∆ cells. (B) Still frames of a time-lapse series showing 
Abp140p-GFP-labeled actin cables undergoing retrograde flow. Arrowheads  
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(Fig. 2.1. continued) indicate a fiduciary mark on a motile actin cable. (C) 
Notched dot box plot of the velocity of RACF in wild-type, myo1∆, and tpm2∆ 
yeast. The central band in the box represents the median, boxes indicate the 
middle quartiles; whiskers extend to the 5th and 95th percentiles, and red points 
indicate outliers (defined as quartile 1 – 1.5x interquartile range and quartile 3 + 
1.5x interquartile range). n = 50 from 3 trials. (D) Still frames from a time-lapse 
series illustrating retrograde mitochondrial movement in wild-type cells 
expressing mito-roGFP. (E) Notched dot box plot of the velocity of retrograde 
mitochondrial movement in wild-type, myo1∆, and tpm2∆ yeast. n = 40-60  from 3 
trials. (F) Still frames from a time-lapse series showing anterograde mitochondrial 
movement in wild-type cells expressing mito-roGFP1. (G) Notched dot box plot of 
the velocity of adjusted anterograde mitochondrial movement in WT, myo1∆, and 
tpm2∆ yeast. n = 40-60 from 3 trials. ** = p < 0.01, *** = p < 0.001. p values were 
calculated using Kruskal-Wallis testing. Bars: 1µm. Cell outlines are shown in 
white. 
 
Next, we measured the velocity of anterograde, bud-directed 
mitochondrial movement. Since mitochondria undergoing anterograde movement 
are moving against the opposing force of RACF, the actual velocity of 
anterograde mitochondrial movement, in the frame of reference of the actin 
cable, is significantly greater than the apparent velocity of mitochondrial 
movement, in the frame of reference of the cell. To account for these directional 
force considerations, we calculated an adjusted velocity of anterograde 
mitochondrial movement, which better reflects the intrinsic velocity of 
anterograde movement, by subtracting the effect of RACF (Fig. 2.S1).  
The measured velocities of anterograde mitochondrial movement were not 
different between the mutants. However, taking into account the opposing force 
of RACF, the adjusted real rates are significantly different. We find that 
increasing RACF rates by deletion of TPM2 results in a 29.9% increase in the 
adjusted velocity of anterograde mitochondrial movement. Moreover, decreasing 
the rate of RACF by deletion of MYO1 reduces the adjusted mitochondrial 
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anterograde velocity by 13.9% (Fig. 2.1F-G; Fig. 2.S1). Motility reflects the ability 
to assemble functional motility proteins and provide energy to the motility 
apparatus, and thus is one indicator of the fitness of an organelle. Our finding 
that an increase in RACF rates results in increased anterograde mitochondrial 
motility supports the model that RACF exercises mitochondrial quality control 
during inheritance. 
Consistent with this, we find that mitochondrial redox state, measured 
using mitochondria-targeted redox-sensing GFP1 (mito-roGFP1), correlates with 
rates of RACF and anterograde mitochondrial motility. roGFP1 contains two 
surface-exposed cysteines. Oxidation or reduction of these cysteines occurs in 
response to the redox state of the environment and alters the excitation spectrum 
of roGFP (122). roGFP1 has been targeted to yeast mitochondria where it serves 
as an effective biosensor for mitochondrial redox state in living cells (4). Indeed, 
in yeast, mito-roGFP1 fluorescence ratios show a linear dose-response 
relationship upon treatment with oxidizing or reducing agents (123). Moreover, 
treatment with saturating levels of a membrane permeable reductant or oxidant 
results in an 40% increase or a 19% decrease, respectively, in mito-roGFP redox 
ratio, compared to untreated cells (Fig. 2.S2). Thus, a higher ratio indicates a 
more reducing environment. We find that increasing the rate of RACF by deletion 
of TPM2 increases mitochondrial redox ratio by 19.7%, and that reduction of the 
rate of RACF by deletion of MYO1 renders mitochondria 11.7% more oxidizing 
(Fig. 2.2A-B). Thus, by two different measures, motility and redox state, cells 
with increased RACF rates have higher functioning mitochondria. 
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Fig. 2.2. Altering RACF changes mitochondrial quality, asymmetric 
inheritance of mitochondria during division, lifespan and healthspan in 
rho+ cells, but does not affect mitochondrial quality or lifespan in rho0 cells. 
(A) mito-roGFP1 was used to visualize redox state of mitochondria in wild-type, 
myo1∆, and tpm2∆, cells. Images are reduced:oxidized mito-roGFP1 ratios 
overlaid on phase images. Color scale indicates ratio values; higher numbers  
and warmer colors indicate more reducing mitochondria. Scale bar, 1µm. (B) 
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(Fig. 2.2 continued) Notched dot box plot of the average reduced:oxidized mito-
roGFP1 ratio in wild-type, myo1∆, and tpm2∆ cells. n = 97-143 cells per strain. 
Data is representative of 3 experiments. ** = p-value < 0.01, *** = p-value< 0.001 
using the non-parametric Kruskal-Wallis test. (C) Quantitation of asymmetric 
segregation of fit from less fit mitochondria between mother and daughter cells. 
The reduced:oxidized mito-roGFP1 ratio was measured in mother cells and buds 
in cells containing large buds (bud diameter > 50% the diameter of the mother 
cell). n = 55-65 cells per strain. Data is representative of 2 trials. *** = p < 0.001 
calculated by Wilcoxon paired difference test. (D) Replicative lifespans of wild-
type, myo1∆, and tpm2∆ cells were determined as described in Experimental 
Procedures. Mann-Whitney test was performed to determine p-values: wild-type 
vs. tpm2∆: 0.004, wild-type vs. myo1∆: 0.001. (E) Mean generation time was 
determined during the replicative lifespan assay by recording the time between 
emergence of consecutive buds from the same mother. Error bars represent 
SEM. (D) and (E) n = 40-50 cells per strain. Data shown is representative of 3 
trials. (F) rho0 cells were produced by ethidium bromide treatment as described in 
Experimental Procedures. Images are representative reduced/oxidized roGFP 
ratios for wild-type (top),TPM2 rho0 (middle), and tpm2∆ rho0 (bottom) cells. (G) 
Notched dot box plot of the average reduced:oxidized mito-roGFP1 ratio in wild-
type, TPM2 rho0, and tpm2∆ rho0 cells. n = 63-83 cells per strain. Data is 
representative of 3 experiments. *** = p-value< 0.001 using non-parametric 
Kruskal-Wallis testing. (H) Replicative lifespans of wild-type, TPM2 rho0, and 
tpm2∆ rho0 cells. n = 30-50 cells per strain. Data is representative of 2 
experiments. Mann-Whitney statistical analysis reveals no significant difference 
between all three groups.  
 
Yet to be determined is why mitochondria in tpm2∆ and myo1∆ cells are 
more or less reducing and motile, respectively, compared to mitochondria in wild-
type cells. Previous studies revealed that mitochondria with higher membrane 
potential (∆ψ), aconitase activity, redox state and ROS are preferentially inherited 
by daughter cells during yeast cell division (4, 124, 125). This segregation of 
functional from less functional mitochondria is mediated, in part, by anchorage 
and retention of newly inherited mitochondria in the developing daughter cell. It is 
also is required for mother-daughter age asymmetry, the process whereby 
mother cells continue to age and daughter cells are for the most part born young 
(4).  
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To determine whether the changes in mitochondrial redox state and 
motility in tpm2∆ and myo1∆ cells are due to RACF effects on mitochondrial 
quality control during inheritance, we assessed the effect of modulating RACF 
rate on mitochondrial redox states in mother and daughter cells. In wild-type 
cells, there is a small, but statistically significant, asymmetry in mitochondrial 
redox state between mother and bud. tpm2∆ cells show a 28% larger difference 
between mother and bud. Conversely, functional segregation of mitochondria is 
not detectable in myo1∆ cells, which have decreased RACF rates (Fig. 2.2C). 
Thus, segregation of more reducing and motile mitochondria from those that are 
less reducing and motile among mother cells and buds is enhanced by deletion 
of TPM2 and the associated increase in RACF rate. This is the first direct 
evidence that RACF serves as a filter to prevent inheritance of less motile and 
more oxidized mitochondria and to promote inheritance of more motile and 
reduced mitochondria during yeast cell division.  
 
2.2.2. Altering the rate of RACF affects cellular lifespan and healthspan 
through effects on mitochondrial function.  
Recent studies indicate that altering the function of mitochondria in 
daughter cells can affect yeast lifespan. Specifically, yeast that inherit 
mitochondria that are more reducing and have lower reactive oxygen species 
(ROS) have extended lifespan, while yeast that inherit mitochondria that are 
more oxidized and have more ROS have shortened lifespans (4, 11). Therefore, 
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we tested the effect of increasing the rate of RACF, and the associated increase 
in mitochondrial motility and redox state, on yeast lifespan and healthspan.  
Aging studies in yeast can model two distinct forms of cellular aging. 
Chronological lifespan, the survival time of stationary-phase, non-dividing yeast 
cells, is a model for stress resistance in post-mitotic cells. Replicative lifespan 
(RLS), the number of times that a cell can divide prior to senescence, is a model 
for aging of division-competent cells. The mean RLS of wild-type, tpm2∆ and 
myo1∆ cells are 22.0±1.0, 27.0±1.4 and 17.2±0.9 generations, respectively (Fig. 
2.2D). Thus, deletion of TPM2, which results in an increase in retrograde flow 
rate, extends RLS by 23% compared to wild-type cells. Conversely, deletion of 
MYO1 results in a decrease in RLS by 22% compared to wild-type cells. Since 
Myo1p also functions in contractile ring closure, it is possible that the decreased 
RLS may be due to Myo1p function in processes other than RACF. However, the 
only known function of Tpm2p is to control RACF. Therefore, we conclude that 
increasing RACF can extend lifespan in yeast. 
The healthspan of an organism is the period during which it is generally 
healthy and free of disease or age-related symptoms. The mean generation time 
of yeast increases as they age (4, 126). Therefore, maintaining a short 
generation time is an indicator of cellular healthspan in yeast. tpm2∆ cells, which 
have increased RACF rates and mitochondria that are more motile and reducing, 
have a shorter generation time overall, and also maintain a short generation time 
for more generations than wild-type cells. Decreasing the rate of RACF has the 
opposite effect (Fig. 2.2E). Thus, changes in cytoskeletal dynamics can affect 
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mitochondrial quality control during inheritance, and alter replicative lifespan and 
cellular healthspan in a manner that correlates with mitochondrial fitness.  
To determine whether the extended RLS that occurs upon deletion of 
TPM2 is due to effects on mitochondrial function, we studied the effect of deletion 
of TPM2 on lifespan in a rho0 strain, which has no mitochondrial DNA (mtDNA). 
Loss of mtDNA does not affect actin cable abundance or actin patch polarity in 
cells that contain TPM2 and in tpm2∆ cells (Fig. 2.S2). However, since mtDNA 
encodes mitochondrial respiratory chain components, rho0 cells cannot grow in 
media containing a non-fermentable carbon (glycerol) as a sole carbon source 
(Fig. 2.S2). Consistent with this, our mito-roGFP1 measurements indicate that 
mitochondria in rho0 cells are 22% more oxidized compared to mitochondria in 
rho+ cells, both in cells that contain TPM2 and in tpm2∆ cells. Interestingly, the 
redox state of mitochondria in rho0 TPM2 cells is not significantly different from 
that of rho0 tpm2∆ cells (Fig. 2.2F-G). Thus, the increase in mitochondrial redox 
state that occurs upon deletion of TPM2 requires mtDNA.  
If extension of lifespan in tpm2∆ cells is due to increased mitochondrial 
function, then the loss of mitochondrial respiratory activity and respiration 
dependent processes that occurs upon deletion of mtDNA should prevent 
lifespan extension. Deletion of mtDNA can affect RLS in some genetic 
backgrounds. We confirmed that deletion of mtDNA does not affect RLS in 
BY4741 cells: the average RLS of rho+ cells (22.2 ± 1.34) is similar to that of rho0 
cells (21.4 ± 1.2).  More importantly, deletion of TPM2 in rho0 cells does not 
affect RLS (21.4 ± 1.2 in rho0 vs. 22.7 ± 1.29 in tpm2∆ rho0 cells) (Fig. 2.2H). 
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Thus, mitochondrial function is required for the RLS extension that occurs upon 
deletion of TPM2 and the associated increase in RACF.  
 
2.2.3. Sir2p affects RACF and mitochondrial quality control. 
Previous studies indicate that deletion of Sir2p alters yeast actin: it results 
in decreased actin cable abundance, increased sensitivity of yeast to the growth-
inhibiting effects of Latrunculin-A (an agent that binds to G-actin and results in 
rapid actin disassembly) and reduces levels of natively folded actin protein (49). 
We confirmed that deletion of SIR2 reduces the number of actin cables and 
results in depolarization of actin patches. Deletion of SIR2 also results in a 
decrease in the velocities of RACF and retrograde mitochondrial movement. 
Conversely, mild (2.2-fold) overexpression of fully functional, HA-tagged SIR2 
has the opposite effect (Fig. 2.3A-C, Fig. 2.S3). Thus, our studies reveal a novel 
role for Sir2p in control of RACF.  Since the levels of properly folded actin are 
reduced in sir2∆ cells and SIR2 has genetic interactions with the formin (Bni1p) 
that nucleates actin for actin cable assembly and movement in the bud tip (49), it 
is possible that the reduced amount of substrate (native actin) available for actin 
nucleation and actin cable elongation in sir2∆ cell affects actin cable thickness, 
abundance, retrograde flow and function in establishment and maintenance of 
cell polarity. 
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Fig. 2.3. Sir2p regulates mitochondrial inheritance, fitness, motility, and 
RACF. (A) Images of rhodamine-phalloidin stained actin in wild-type, sir2∆, and 
in cells overexpressing SIR2 (SIR2 o/e). (B-D) Quantitation of RACF rates, 
velocities of retrograde mitochondrial movement, and adjusted velocities of 
anterograde mitochondrial movement in wild-type, sir2∆, and SIR2 o/e cells. n = 
40-69 cells per strain. Data is pooled from 3 trials. (E) Images of 
reduced:oxidized mito-roGFP1 ratio images overlaid on phase images in wild-
type, sir2∆, and SIR2 o/e cells. Color scale indicates ratio values, higher 
numbers and warmer colors indicate more reducing mitochondria. n = 97-127 
cells per strain. Data is representative of 3 trials. (F) Quantitation of average 
reduced:oxidized mito-roGFP1 ratio within individual cells. n = 50-66 cells per 
strain. Data is representative of 3 trials. Higher values indicate more reducing 
mitochondria. (G) The average reduced:oxidized mito-roGFP1 ratio was 
determined in mother cells and buds as for Fig. 2.2. ** = p < 0.01, *** = p < 0.001. 
p values were calculated using the non-parametric Kruskal-Wallis test for B-F 
and using the non-parametric Wilcoxon paired difference test for G. Scale bars, 
1µm. 
 
Consistent with the observed effect on RACF, deletion of SIR2 also results 
in a decrease in the adjusted velocity of anterograde mitochondrial motility, a 
more oxidizing mitochondrial redox environment, and defects in segregation of 
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more reduced from more oxidized mitochondria between mother and daughter 
cells. Mild overexpression of SIR2 has the opposite effects (Fig. 2.3D-G; Fig. 
2.S3).  Deletion of SIR2 has more severe effects on adjusted anterograde 
mitochondrial movement compared to deletion of MYO1. The simplest 
explanation for this difference is that deletion of SIR2 has general effects on actin 
cable abundance, thickness and polarity, in addition to effects on RACF. Overall, 
these findings support a role for Sir2p in many aspects of the actin cytoskeleton, 
including RACF, and in mitochondrial quality control. 
 
2.2.4. Increasing the rate of RACF in a sir2∆ cell increases mitochondrial 
motility and redox state and cellular healthspan.  
Because SIR2 has many functions, we tested whether changes in 
mitochondrial movement and redox state could be abrogated by altering 
retrograde flow rates through deletion of MYO1 or TPM2. Indeed, deletion of 
MYO1 in a SIR2-overexpressing strain restores the adjusted velocity of 
anterograde mitochondrial motility and mitochondrial redox state, to wild-type 
levels (Fig. 2.S4). On the other hand, increasing RACF rate by deletion of TPM2 
in sir2∆ cells improves, but does not completely restore mitochondrial redox 
state, cell division-linked segregation of more reduced from more oxidized 
mitochondria, and anterograde mitochondrial motility (Fig. 2.4A-F). Increasing 
RACF in sir2∆ also restores polarity of the actin cytoskeleton, but does not 
restore actin cable abundance (Fig. 2.S4). These findings provide further support 
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for the concept that Sir2p affects mitochondrial function by RACF-dependent and 
-independent mechanisms, including general effects on actin cable abundance.  
Fig. 2.4. Modulation of RACF rates promotes mitochondrial motility and cell 
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(Fig. 2.4. continued) healthspan in sir2∆ yeast. (A-C) Quantitation of RACF 
rates, velocities of retrograde mitochondrial movement, and adjusted velocities of 
anterograde mitochondrial movement in wild-type, sir2∆, and sir2∆ tpm2∆ cells. n 
= 39-51 cells per strain. Data is pooled from 3 trials. (D) Images showing 
reduced:oxidized mito-roGFP1 ratio overlaid on phase images in wild-type, sir2∆, 
and sir2∆ tpm2∆ cells. Color scale at right indicates ratio values; higher numbers 
and warmer colors indicate more reducing mitochondria. Scale bar, 1µm. (E) 
Quantitation of average reduced:oxidized mito-roGFP1 ratio within individual 
cells. n = 60-100 cells per strain. Data shown is representative of 2 trials. (A-E) * 
= p < 0.05, ** = p < 0.01, *** = p < 0.001 were calculated using the non-
parametric Kruskal Wallis test. (F) Quantification of asymmetric segregation of fit 
from less fit mitochondria during cell division. The average reduced:oxidized 
mito-roGFP1 ratio was measured in mother cells and buds. n = 50-53 cells per 
strain. Data shown is representative of 2 trials. ** = p < 0.01, *** = p < 0.001. p 
values were calculated using a non-parametric Wilcoxon paired difference test.  
(G) Replicative lifespans of wild-type, sir2∆, and sir2∆ tpm2∆ cells. Mann-
Whitney test was performed to determine p-values: wild-type vs. sir∆: <0.0001, 
wild-type vs. sir2∆ tpm2∆: <0.0001, sir2∆ vs. sir2∆ tpm2∆: 0.5. (H) Mean 
generation time was determined during the replicative lifespan assay as for Fig. 
2.2. Error bars represent SEM. n = 38-52 cells per strain. Data is representative 
of 2 trials.  
 
Finally, we studied the effect of increasing RACF in sir2∆ cells on lifespan 
and healthspan. The mean RLS of sir2∆ tpm2∆ cells (14.2±0.72) is similar to that 
of sir2∆ cells (14.3±1.08) (Fig. 2.4G). Thus, increasing RACF and mitochondrial 
motility and redox state in sir2∆ cells does not increase RLS. This finding 
indicates that Sir2p affects lifespan through multiple mechanisms, beyond 
mitochondria and actin dynamics, which is consistent with previous reports (99). 
On the other hand, the mean generation time of sir2∆ tpm2∆ yeast is shorter than 
that of sir2∆ cells in young cells that have undergone 0-10 replications (Fig. 
2.4H). Thus, increasing RACF rates can promote cellular healthspan in a sir2∆ 
cell, potentially through effects on mitochondrial redox state and motility and/or 
effects on actin cable polarity. 
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Here, we describe novel roles for the actin cytoskeleton in mitochondrial 
quality control and lifespan regulation. Specifically, our studies support the model 
that RACF exercises mitochondrial quality control by serving as a filter to prevent 
less motile and more oxidized mitochondria from leaving the mother cell and 
select for the inheritance of more motile and reducing mitochondria. Retrograde 
actin network flow also occurs at lamellipodia, growth cones, immunological 
synapses, dendritic spines and filopodia of mammalian cells, and can drive 
organelle and particle movement (114-117, 127). Therefore, it is possible that 
similar quality control mechanisms exist in other eukaryotes, perhaps selecting 
subpopulations of organelles that will be delivered to cellular regions with needs 
for mitochondrial function. 
We also find that modulation of actin cable dynamics can alter lifespan 
and healthspan in a manner that correlates with and is dependent upon 
mitochondrial function, and we reveal a new role for Sir2p, a conserved lifespan 
modulator, in RACF. Mitochondria are aging determinants in yeast and other cell 
types, and mutations in mitochondrial quality control during inheritance can affect 
lifespan in yeast (4). However, mitochondria are not the only aging determinant 
whose segregation is influenced by retrograde actin flow. Oxidatively damaged 
proteins are also retained in the mother cell by mechanisms that are not fully 
understood, but are dependent upon the actin cytoskeleton (47, 49). Moreover, 
vacuoles, which are lysosome-like organelles that undergo actin cable-
dependent movement in yeast, are also aging determinants: vacuolar acidity 
declines with replicative age, and preventing the decline in vacuolar acidity 
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suppresses age-associated declines in mitochondrial function and extends 
lifespan (68). Thus, it is possible that RACF affects asymmetric distribution of 
other aging determinants. 
 
2.3. Materials and Methods 
Yeast growth conditions 
All S. cerevisiae strains used in this study are derivatives of the wild-type 
BY4741 strain (MATa his3∆1 leu2∆0 met15∆0 ura3∆0) from Open Biosystems 
(Huntsville, AL). Yeast cells were cultivated and manipulated as described 
previously (128). All imaging experiments were carried out with cultures grown to 
mid-log phase (OD600 0.1-0.3). Cells were grown at 30°C with shaking unless 
otherwise noted. Rich glucose-based medium (yeast-peptone-dextrose, YPD) 
was used for growth of strains not requiring selection. For strains requiring 
selection, synthetic complete (SC) media with corresponding dropouts of 
essential nutrients were used. For all imaging studies with the exception of 
retrograde actin cable flow imaging, SC media was used with dropouts where 
needed. For retrograde actin cable flow imaging, SCRaff (2% raffinose in lieu of 
2% glucose) was used since fluorescence of Abp140-GFP was greater in this 
medium than in SC.  
 
Yeast strain construction 
Knockout strains (Table 2.S1) were created by replacing the gene of 
interest with LEU2 or kanMX6 cassettes using primers listed in Table S2. For 
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example, RHY009 was created by replacing genomic SIR2 with LEU2. A PCR 
fragment containing regions homologous to sequences directly upstream of the 
start and stop codons of SIR2 and coding regions for LEU2 was amplified from 
plasmid POM13 (Addgene, Cambridge, MA) using primers (Table 2.S2). BY4741 
cells were transformed with the PCR product using the lithium acetate method 
and transformants were selected on SC-Leu. PCR using specific primers (Table 
2.S2) was used to confirm deletion of the gene.  
Strain RHY043 (MATa his3∆1 leu2∆0 met15∆0 ura3∆0 sir2∆0) was 
produced from RHY009 by Cre recombinase excision of LEU2 using a galactose-
inducible Cre recombinase on plasmid (pSH62, Euroscarf, University of 
Frankfurt) and inducing for 4 hr at 30°C in media containing galactose. Excision 
of LEU2 was confirmed by failure to grown on SC-Leu media. Strain RHY166 
(MATa his3∆1 leu2∆0 met15∆0 ura3∆0 myo1∆0) was created from strain 
RHY045 using the same method. For overexpression of SIR2, strains were 
transformed with a centromeric plasmid coding an HA-tagged Sir2p (pRS413-
SIR2-3HA-HIS3). 
rho0 strains, which do not contain mitochondrial DNA (mtDNA), were 
produced by treatment of yeast with ethidium bromide. Cells were grown in YPD 
containing 25 µg/mL of ethidium bromide (EtBr) for 48 hr. The medium was then 
replaced with fresh YPD containing EtBr and cells were propagated for an 
additional 48 hrs. Thereafter, cells were propagated on YPD plates. Individual 
colonies from YPD plates were propagated on both YPD and yeast extract-
peptone-glycerol (YPG) plates. Failure to grow on media containing a non-
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fermentable carbon as a sole carbon source (YPG) indicates loss of 
mitochondrial respiration. DAPI staining as described previously [S2] were used 
to confirm loss of mtDNA (data not shown).  
 
DNA Manipulation for HA-tagging of Sir2p and GFP-tagging of Abp140p 
The C-terminus of Sir2p was tagged with HA using PCR-based insertion 
into the chromosomal copy of SIR2. A PCR fragment containing regions 
homologous to the 3’ end of SIR2 and coding regions for HA and the kanamycin 
resistance marker kanMX6 was amplified from pFA6a-3HA-kanMX6 (Addgene, 
Cambridge, MA) with forward primer 5’CGTGTATGTCGTTACATCAG 
ATGAACATCCCAAAACCCTCCGGATCCCCGGTTAATTAA3’ and reverse 
primer 5’GACTACAATAATTGAAAGGAAAACAAAATTGTTTGCCGAATTCGAG 
CTCGTTTAAAC3’. BY4741 cells were transformed with the PCR product using 
the lithium acetate method, and transformants were selected on YPD containing 
200µg/mL geneticin. The HA-tagged yeast strains were characterized for correct 
integration of the tagging cassette at the SIR2 locus using PCR with forward 
primer 5’CGTCAAGCACGCAGAATTTGATTT3’ and reverse primer 5’AATG 
ATTTGAATTTGCTGTTCACC3’ and Western blot analysis.  
The C-terminus of Abp140p was tagged with GFP(S65T) as described 
above. A PCR fragment containing regions homologous to the 3’ end of ABP140 
and coding regions for GFP and the kanMX6 was amplified from pFA6a-GFP-
kanMX6 using forward primer 5’GTACCGCTGCTGGGTACAAGCTGTGTTT 
GACGTTCCTCAACGGATCCCCGGGTTAATTAA3’ and reverse primer 5’TTT 
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ATGATGAGAGAGGAGGTGGTACTTGTCTCAGAACTTCGAATTCGAGCTCGT
TTAAAC33’ and confirming by PCR with primers 5’CCGCTGCTGGGTACAAGC 
TGTGT3’ and 5’CTTCAGAAATAAGACA-ATTAAAGC3’.  
 
Plasmid construction  
To create the plasmid pRS413-SIR2-3HA:HIS3, an insert containing SIR2-
3HA was amplified from genomic DNA purified from strain RHY006 using PCR 
and the following forward and reverse primers: 5’CCGGTCTAGAA 
AGCCAAGAGTGTTGCTGCTTATCC3’ and 5’CCGGGTCGACAGATCTATATTA 
CCCTGTTATCCC3’. The SIR2-3HA PCR product and pRS413 plasmid 
(Addgene, Cambridge, MA) were then digested with restriction enzymes BamHI 
and SalI (NEB, Ispwich, MA). These products were run on low melting agarose 
gels, ligated without purification using T4 ligase and used to transform DH5α  
competent bacterial cells. Plasmid clones were verified for proper plasmid 
construction and SIR2-3HA insertion by qPCR using sequencing forward and 
reverse primers: 5’ CGTCAAGCACGCAGAATTTGATTT3’ and 5’ 
AATGATTTGAATTTGCTGTTCCACC3’. Plasmids of positive clones were 
recovered and processed with a MidiPrep kit (Qiagen, Valencia, CA).  
 
Microscopy 
All fluorescence microscopy was performed on a Zeiss AxioObserver.Z1 
microscope (Carl Zeiss Inc., Thornwood, NY) equipped with a metal halide lamp 
and Colibri LEDs for excitation, and an Orca ER cooled CCD camera 
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(Hamamatsu Photonics, Bridgewater, NJ), and driven by Axiovision software 
(Carl Zeiss Inc., Thornwood, NY). Details are given with each imaging method.  
 
Visualization of F-actin Cytoskeleton with Rhodamine-Phalloidin 
Cells at mid-log phase were concentrated at by centrifugation at 9,240 x g 
for 15 sec and fixed by incubation in 3.7% paraformaldehyde added directly to 
the growth medium at 30°C with shaking for 50 min. Fixed cells were washed 
three times with wash solution (0.025M KPi pH 7.5, 0.8M KCl), followed by one 
wash with PBT (PBS containing 1% w/v BSA, 0.1% v/v Triton X-100, 0.1% w/v 
sodium azide), and stained for actin with 1.65 µM rhodamine-phalloidin 
(Molecular Probes, Eugene, OR) for 35 min at RT in the dark. Cells were then 
washed three times with PBS, resuspended in mounting solution (0.1% w/v p-
phenylenediamine and 90% v/v glycerol in PBS), mounted on microscope slides, 
and stored at -20°C prior to visualization.  
Rhodamine-phalloidin stained F-actin was visualized using a 100x/1.3 EC 
Plan-Neofluar objective (Carl Zeiss Inc., Thornwood, NY) using a metal-halide 
lamp for excitation and a standard rhodamine filter (Zeiss filter set 43 HE; 
excitation 550/25, dichroic FT 570, emission 605/70). Z-series were collected 
through the entire cell at 0.3 µm intervals using 1x1 binning, 20 ms exposure, 
and analog gain at 216. Images were deconvolved using a constrained iterative 
restoration algorithm (Volocity, Perkin-Elmer, Waltham, MA) with the following 
parameters: 620 nm excitation wavelength, 60 iterations, and 100% confidence 
interval. Cells with small and medium-sized buds were selected for quantification 
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of actin polarization. These were defined as cells in which the ratio of bud length 
to mother length (measured from the neck to the bud or mother tip, respectively) 
was between 0.20 and 0.60.  
 
Visualization and Analysis of Retrograde Actin Cable Flow with Abp140-
GFP 
Cells were grown to mid-log phase in SCRaff media. 1.5 µL of cell 
suspension was spread over the surface of a glass slide and covered with a 
cover slip. The cells were imaged within 5 min after slide preparation. Abp140-
GFP was imaged using a Zeiss 100x/1.4 Plan-Apochromat objective lens, a 470 
nm LED at 80% power for excitation, and a modified GFP filter (Zeiss filter set 46 
HE with excitation filter removed; dichroic FT 515, emission 535/30). Images 
were collected at a focal plane 0.5-1 µm above the center of the mother cell, at 
0.9-sec intervals for a total of 15 sec using 1x1 binning, 200 ms exposure, and 
analog gain of 255.  
The velocity of retrograde actin cable flow was determined by measuring 
the change in position of the tip of moving or elongating cables, or the movement 
of bright fiduciary marks along actin cables, as a function of time, as previously 
described (23). Image enhancement and analysis were performed using Volocity 
software (Perkin-Elmer, Waltham, MA). Cells were grown in SCRaff since 
fluorescence of Abp140-GFP was greater in this medium than in SC. Retrograde 
flow rates were not significantly different in cells grown in SC and SCRaff medias 
(data not shown).  
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Analysis of Mitochondrial Redox State using mito-roGFP 
 Strains transformed with a centromeric plasmid containing the 
mitochondrial targeting sequence of ATP9 fused to roGFP1 (mito-roGFP1) (4) 
were grown to mid-log phase. For titration experiments, cells at mid-log phase 
were treated with 5 mM H2O2 or 5 mM DTT for 30 min shaking at 30°C. 1.5 µL of 
cell suspension was applied to a microscope slide and covered with a cover slip. 
Cells were imaged immediately, for a maximum of 15 min after slide preparation. 
Mito-roGFP1 was imaged using a 100x/1.3 EC Plan-Neofluar objective (Carl 
Zeiss), 365 nm and 470 nm LEDs at 100% power for excitation of oxidized and 
reduced forms, respectively, and a modified GFP filter (Zeiss filter set 46 HE with 
excitation filter removed; dichroic FT 515, emission 535/30).   
Images of mito-roGFP1 were collected with excitation at 470 and 365 nm 
to detect the reduced and oxidized forms, respectively. Z-series were collected 
through the entire cell at 0.3 µm intervals using 1x1 binning, and 75 ms and 150 
ms exposure, respectively. Images were deconvolved using a constrained 
iterative restoration algorithm with the following parameters: 507nm excitation 
wavelength, 60 iterations over 100% confidence (Volocity, Perkin-Elmer, 
Waltham, MA). Voxels were identified and quantified using Volocity 
Quantification software. To calculate the reduced to oxidized ratio of mito-
roGFP1, the intensity of the reduced channel (λex=470nm, λem=525nm) was 
divided by the intensity of the oxidized channel (λex =365nm, λem =525nm). 
Ratioing was performed on Volocity software including background selection and 
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thresholding steps. Zones of mother and bud were identified using corresponding 
transmitted-light images. 
For quantification of the redox state of mother cells and their buds, images 
were collected and analyzed as above, using 2x2 binning and shorter exposure 
times were used (20 ms and 40 ms for reduced and oxidized forms, 
respectively), and the images were not deconvolved. Reduced to oxidized mito-
roGFP1 ratios were measured for the bud and mother separately. Mean 
reduced/oxidized ratio of the bud was divided by the mean reduced/oxidized ratio 
of the mother. 
 
Analysis of the Velocity of Mitochondrial Movement  
To determine the velocity of mitochondrial movement, mito-roGFP1 was 
excited only at 470 nm. Single-plane images (focused at the center of the mother 
cell) were recorded at 1 sec intervals for a total of 30 sec using 1x1 binning, 75 
ms exposure, and analog gain of 216. The change in position of the tip of each 
moving or elongating tubular mitochondrion was recorded as a function of time. 
Mitochondrial movement was scored as those having three or more consecutive 
movements in the same direction. Image enhancement and analysis were 
performed using Volocity software.  
Ideally, adjusted mitochondrial velocity in the anterograde direction could 
be calculated by subtracting RACF rates from the velocity of anterograde 
mitochondrial movement measured in the same cell. However, since the signal 
from Abp140p-GFP is weak, it was not possible to measure RACF rates and 
	  
	   55	  
velocities of anterograde mitochondrial movement in the same cell. Therefore, 
the adjusted velocity of anterograde mitochondrial movement was calculated by 
subtracting the average velocity of RACF from individual anterograde 
mitochondrial rates.  
 
Replicative Lifespan Determination 
RLS measurements were performed as described previously (129), 
without alpha-factor synchronization. Briefly, frozen yeast strain stocks (stored at 
-80°C) were grown on YPD plates at 30°C. Single colonies of each yeast strain 
were suspended in liquid YPD and grown at 30°C with shaking to mid-log phase 
(OD600 0.1-0.3). A 2 µL aliquot of cell suspension was applied to a YPD plate. 
Small-budded cells were isolated and arranged in a matrix using a 
micromanipulator mounted on a dissecting microscope (Zeiss, Thornwood, NY). 
When the small buds completed growth, their mother cells were removed and 
discarded, and the remaining daughter cells were named virgin mother cells. 
After each replication, the time and number of daughter cells produced by each 
virgin mother cell was recorded until all replication ceased. 
 
Statistical Methods    
All statistical testing was performed using non-parametric testing. P-values 
for all data sets with the exception of mother-daughter age asymmetry were 
determined using the non-parametric Kruskal-Wallis test. P-values for mother-
daughter age asymmetry were determined using the Wilcoxin signed-rank test for 
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related samples. All statistical testing, production of box plots, and determination 
of p-values were carried out using the Analyze-it add-on for Microsoft Excel.  
 
Other Methods  
Whole cell extracts were prepared by vortexing mid-log phase yeast cells 
with 0.5 mm glass beads in a solution consisting of 10% glycerol, 10 mM EGTA, 
1% Triton X-100, 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 2 mM PMSF, and 
protease inhibitor cocktail (130). Protein concentration of the lysate was 
determined by using the bicinchoninic acid assay following vendor’s protocol 
(Pierce Chemical, Rockford IL). Steady state levels of HA-tagged Sir2p and 
hexokinase load controls were analyzed using Western blot analysis, polyclonal 
antibodies raised against HA (Sigma-Aldrich, St. Louis, MO) or hexokinase 
(Lifespan BioSciences, Seattle, WA) and HRP coupled secondary antibodies 
(KPL, Inc, Gaithersburg, MD). Labeled proteins were visualized using 
SuperSignal West Pico HRP substrate (Fisher, Woodside, California) on a 
BioRad ChemiDoc imager and by exposure to x-ray film.  
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2.4. Supplemental Information 
 
Fig. 2.S1. Actin organization and function in mitochondrial movement and 
SIR2 expression in myo1∆ and tpm2∆ cells. Related to Fig. 2.1. (A-B) Wild-
type, myo1∆ and tpm2∆ yeast were grown to mid-log phase, fixed and stained 
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with rhodamine-phalloidin.  The number of polarized actin cables was determined 
in mother cells bearing small to medium sized buds (bud diameter 20-60% of the 
diameter of the mother cell). Polarized cables were defined as cables that are 
parallel to the mother-bud axis. The number of actin patches in the mother is 
used as a measure of total cellular polarization with higher numbers in the 
mother indicating depolarization of actin. Notched dot box plot of the number of 
actin cables (A) and actin patches (B) in mother cells in wild-type, myo1∆, and 
tpm2∆ yeast. The central band in the box represents the median, boxes indicate 
the middle quartiles; vertical lines extend from boxes to the 5th to 95th percentile, 
and red points indicate outliers (defined as quartile 1 – 1.5x interquartile range 
and quartile 3 + 1.5x interquartile range). Non-parametric Kruskal Wallis testing 
revealed there is no statistically significant difference between all three groups. n 
= 81-106, representative data of 2 trials. (C) Wild-type cells with no tag or wild-
type, myo1∆ or tpm2∆ yeast bearing a HA tag on the C-terminus of the 
chromosomally encoded SIR2 gene were grown to mid-log phase in synthetic, 
complete glucose-based medium. The level of HA tag was analyzed in each 
strain using western blot analysis and anti-HA antibodies. Hexokinase was used 
as a load control. Upper panel: representative blot from 3 independent 
experiments. Lower panel: quantitation of the amount of HA-tagged Sir2p in each 
strain. (D) The observed anterograde mitochondrial velocity results from the 
intrinsic mitochondrial anterograde velocity, counteracted by the retrograde actin 
flow. Therefore, to calculate the intrinsic mitochondrial velocity in the anterograde 
direction (Adjusted Vmito), the observed velocity of anterograde mitochondrial 
movement (Observed Vmito) is added to the mean velocity of the retrograde actin 
flow (Vactin). Vactin was measured in cells grown on raffinose-based medium, 
conditions where actin cables are more readily detectable. However, Vactin of cells 
grown on raffinose-based medium is indistinguishable from that of cells grown on 
glucose-based medium. (E) Notched dot box plot of the observed velocity of 
anterograde mitochondrial movement in wild-type, myo1∆, and tpm2∆ yeast 
(observed Vmito), which was calculated by measuring the change in position of 
the leading tip or trailing tail of a motile mito-roGFP-labeled mitochondrion as a 
function of time (see Materials and Methods). n = 50 from 3 trials. (F) Bar plots 
showing averages of retrograde actin cable flow in wild-type, myo1∆, and tpm2∆ 
yeast (Vactin). (G) Notched dot box plot of the adjusted velocity of anterograde 
mitochondrial movement in wild-type, myo1∆, and tpm2∆ yeast calculated by 
addition of the Vactin to observed Vmito. n = 47-55. Data is pooled from 3 trials. 
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Fig. 2.S2. Measurement of mitochondrial redox state and the effect of 
deletion of mtDNA on mitochondrial respiratory activity, actin cable 
abundance, and actin patch polarity. Related to Fig. 2.2. (A) Wild-type cells 
expressing mito-roGFP1 were treated with 5 mM H2O2 and 5 mM DTT for 30 min 
at 30°C. Reduced:oxidized mito-roGFP1 ratio images in wild-type untreated (top), 
5 mM H2O2 treated wild-type (middle), and 5 mM DTT treated wild-type (bottom) 
cells. Scale bar is 1 µm. (B) Quantitation of average reduced:oxidized ratio within 
individual cells. n = 58-84 cells per strain. Data is representative of 3 trials. *** = 
p < 0.001. p values were calculated using nonparametric Kruskal Wallis testing. 
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(C) Loss of respiratory activity in cells without mtDNA was assessed by the ability 
to grown on a non-fermentable carbon source. Wild-type, TPM2 rho0, tpm2∆, and 
tpm2∆ rho0 cells were plated on serially diluted on rich, glucose-based media 
(YPD) (top) and rich, glycerol-based media (YPG) (bottom) plates. Dilutions 
shown are 10-fold dilutions consecutively from left to right. Loss of mtDNA was 
also verified by DAPI staining (data not shown). (D) Representative images of 
rhodamine-phalloidin labeled wild-type, TPM2 rho0, and tpm2∆ rho0 cells. Scale 
bar is 1 µm. Actin cable number (E) and patch number (F) in mother was 
measured as for Fig. 2.S1. n = 41-46 per strain, representative sample of 2 
independent trials. Non-parametric Kruskal Wallis testing showed no statistically 
significant difference between the three strains. 
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Fig. 2.S3. Effect of deletion of SIR2 and overexpression of HA-tagged, fully 
functional SIR2 on actin cable abundance, actin patch polarity, actin cable 
thickness, and anterograde mitochondrial velocity. Related to Fig. 2.3. (A) 
Genomic Sir2p was tagged at its C-terminus with the HA epitope in wild-type 
cells. SIR2 o/e and rescue is accomplished by expressing HA-tagged SIR2 on a 
CEN plasmid (pRS413) under its endogenous promoter. For rescue, plasmid 
borne, HA-tagged SIR2 was expressed in a sir2∆ cell. For mild overexpression, 
plasmid borne HA-tagged SIR2 was expressed in a wild-type cell in which the 
endogenous SIR2 was tagged with HA. Expression of Sir2p-HA was quantified in 
WT (cell with no tag), Sir2p-HA (cell with HA tag on endogenous SIR2), sir2∆, 
SIR2 o/e (WT cells with endogenous and plasmid-borne HA-Sir2p) and SIR2 
rescue (sir2∆ expressing plasmid borne, HA-tagged Sir2p) using western blot 
analysis and anti-HA antibodies as described in Fig. 2.S1C. Top panel: 
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representative blots from 3 independent experiments showing levels of Sir2p-HA 
and hexokinase, the load control. Lower panel: quantification of the amount of 
HA-tagged Sir2p in each cell. Previous studies indicate that high level 
overexpression of Sir2p is harmful but that 2-fold overexpression of SIR2 extends 
cellular lifespan. The level of Sir2p in the SIR2 o/e strain used in these studies is 
ca. 2-fold above Sir2p levels in wild-type cells. (B) Top panel: Images showing 
reduced:oxidized mito-roGFP1 ratios overlaid on phase images showing cell 
outlines for wild-type, SIR2-HA, and SIR2 rescue. Color scale at right indicates 
ratio values, higher numbers and warmer colors indicate more reducing 
mitochondria. Scale bar, 1 µm. Lower panel: Quantitation of average 
reduced:oxidized mito-roGFP1 ratio within individual cells as for Fig. 2.2. n = 64-
73, representative sample of two trials. Non-parametric Kruskal Wallis testing 
revealed there is no statistically significant difference between the groups. Thus, 
HA-tagged Sir2p is fully function and can rescue defects in mitochondria redox 
state observed upon deletion of SIR2. (C) Notched dot box plot of the observed 
velocity of anterograde mitochondrial movement in WT, sir2∆, and SIR2 o/e. 
Measurements were acquired as for Fig. 2.1. n = 47-52, pooled data of 3 trials. ** 
= p < 0.01, *** = p < 0.001. p values were calculated using non-parametric 
Kruskal Wallis testing. (D-E) Notched dot box plots of the number of polarized 
actin cables (D) and patches (E) in the mother in wild-type, sir2∆, and SIR2 o/e 
cells measured as per Fig. 2.S1. n = 51-97. Data is representative of 2 
independent trials. (F) Thickness of actin cables in wild-type, sir2∆, and SIR2 o/e 
cells was measured by drawing a line profile in ImageJ. Line profiles are made 
through the ROI tool and drawn roughly perpendicular to the mother-bud axis 
near the middle of the mother cell, avoiding actin patches. We measured the 
width of the line profiles at half-max peak height to determine actin cable 
thickness. Deletion of SIR2 results in decrease of actin cable thickness and 
abundance and loss of actin polarity. Mild overexpression of SIR2 increases actin 
cable abundance but does not affect actin patch polarity or actin cable thickness. 
 
  
	  
	   63	  
Fig. 2.S4. Effect of modulating RACF in sir2∆ cells and cells that 
overexpress SIR2. Related to Fig. 2.4. (A) Representative images of 
rhodamine-phalloidin labeled wild-type and sir2∆ tpm2∆ cells. Scale bar is 1 µm. 
Actin cable number (B) and patch number (C) in mother was measured as for 
Fig. 2.S1. n = 43-101, representative sample of 2 independent trials. *** = p < 
0.001. p values were calculated using the non-parametric Kruskal-Wallis test. (D) 
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Notched dot box plot of the observed velocity of anterograde mitochondrial 
movement in wild-type, SIR2 o/e, and myo1∆ SIR2 o/e cells. Measurements 
were acquired as for Fig. 2.1. n = 47-52, pooled data of 3 trials. ** = p < 0.01, *** 
= p < 0.001. p values were calculated using non-parametric Kruskal Wallis 
testing. (E-G) The velocities of RACF and both retrograde and anterograde 
mitochondrial motility of wild-type, SIR2 o/e, and myo1∆ SIR2 o/e, measured as 
described in Fig. 2.1. SIR2 is overexpressed in wild-type and myo1∆ through 
expression of SIR2 on a CEN plasmid as for Fig. 2.S3. n =39-55, pooled data of 
3 trials. (H) Reduced:oxidized mito-roGFP1 ratio images were calculated as for 
Fig. 2.2 in wild-type (top), SIR2 o/e (middle), and myo1∆ SIR2 o/e (bottom). Color 
scale at right indicates ratio values, higher numbers and warmer colors indicate 
more reducing mitochondria. Scale bar, 1 µm. (I) Quantitation of average 
reduced:oxidized mito-roGFP1 ratio within individual cells as for Fig. 2.2. n = 57-
100. Data is representative of 2 trials. ** = p < 0.01, *** = p < 0.001. (A-E) p 
values were calculated using non-parametric Kruskal Wallis testing. (J) 
Quantification of asymmetric segregation of fit from less fit mitochondria during 
cell division. The average reduced:oxidized mito-roGFP1 ratio was determined in 
different regions of the budding cells as for Fig. 2.2. n = 55-65. Data is 
representative of 2 trials. *** = p < 0.001. p values were calculated using Wilcoxin 
paired difference test.   
 
  
	  
	   65	  
 
Strains Genotype Source 
BY4741 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 Open 
Biosystems 
RHY006 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 SIR2-3HA-kanMX6 This study 
RHY009 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 sir2∆::LEU2 This study 
RHY010 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 sir2∆::LEU2 [pmito-
roGFP1:URA3] 
This study 
RHY012 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 SIR2-3HA-kanMX6 
[pmito-roGFP1:URA3] 
This study 
RHY016 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 SIR2-3HA-kanMX6 
sum1∆::LEU2 
This study 
RHY018 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 SIR2-3HA-kanMX6 
sum1∆::LEU2 [pmito-roGFP1:URA3] 
This study 
RHY025 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 [pmito-roGFP1:URA3] This study 
RHY031 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 SIR2-3HA-kanMX6 
[pmito-roGFP1:URA3] [pRS413-SIR2-3HA:HIS3] 
This study 
RHY032 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 sir2∆::LEU2 [pmito-
roGFP1:URA3] [pRS413-SIR2-3HA:HIS3] 
This study 
RHY036 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 SIR2-3HA-kanMX6 
sum1∆::LEU2 sir2∆::kanMX6 [pmito-roGFP1:URA3] 
This study 
RHY043 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 sir2∆ This study 
RHY045 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 myo1∆::LEU2 This study 
RHY047 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 tpm2∆::LEU2 This study 
RHY048 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 myo1∆::LEU2 [pmito-
roGFP1:URA3] 
This study 
RHY049 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 tpm2∆::LEU2 [pmito-
roGFP1:URA3] 
This study 
RHY050 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 ABP140-GFP(S65T)-
kanMX-6 
This study 
RHY052 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 sir2∆0 tpm2∆::LEU2 This study 
RHY054 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 sir2∆0 tpm2∆::LEU2 
[pmito-roGFP1:URA3] 
This study 
RHY055 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 myo1∆::LEU2 [pmito-
roGFP1:URA3] [pRS413-SIR2-3HA:HIS3] 
This study 
RHY076 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 sir2∆0 ABP140-
GFP(S65T)-kanMX-6 
This study 
RHY077 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 myo1∆::LEU2 
ABP140-GFP(S65T)-kanMX-6 
This study 
RHY088 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 sum1∆::LEU2 
ABP140-GFP(S65T)-kanMX-6 
This study 
RHY093 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 tpm2∆::LEU2 
ABP140-GFP(S65T)-kanMX-6 
This study 
RHY095 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 sir2∆0 tpm2∆::LEU2 
ABP140-GFP(S65T)-kanMX-6 
This study 
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RHY097 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 myo1∆::LEU2 
ABP140-GFP(S65T)-kanMX-6 [pmito-roGFP1:URA3] 
This study 
RHY098 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 ABP140-GFP(S65T)-
kanMX-6 [pRS413-SIR2-3HA:HIS3] 
This study 
RHY154 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 Rho0 This study 
RHY156 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 Rho0 tpm2∆::LEU2 This study 
RHY157  MATa his3∆1 leu2∆0 met15∆0 ura3∆0 myo1∆0 tpm2∆::LEU2 This study 
RHY158 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 myo1∆0 
myo1∆::LEU2 [pmito-roGFP1:URA3]  
This study 
RHY166 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 myo1∆0 This study 
RHY169 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 Rho0 [pmito-
roGFP1:URA3] 
This study 
RHY170 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 Rho0  tpm2∆::LEU2 
[pmito-roGFP1:URA3] 
This study 
Table 2.S1. List of strains used in this study. 
 
Knock out using LEU2 
 
Purpose Forward 
Primer 
Reverse 
Primer 
Forward 
Sequencing 
Primer 
Reverse 
Sequencing 
Primer 
sir2∆ 
CCATTCTCAC
GTATTTCAAG
AAATTAGGCA
TCGCTTTGCA
GGTCGACAA
CCCTTAAT 
GACTACAATA
ATTGAAAGG
AAAACAAAAT
TGTTTGCCG
CAGCGTACG
GATATCACCT
A 
AATGATTTGA
ATTTGCTGTT
CCACC 
CCAACCATG
GTCCAGGAC
AGCCAG 
myo1∆ 
GAAGATCATA
ACAAAGTTAG
ACAGGACAA
CAACAGCAA
TATGCAGGT
CGACAACCC
TTAAT 
TAAAGGATAT
AAAGTCTTCC
AAATTTTTAA
AAAAAAGTTC
GGCAGCGTA
CGGATATCA
CCTA 
TCCTGCGAA
CTTCGTGGTT
A 
GCCACTTAG
TATATAACGC
TC 
tpm2∆ 
TCATGAGGTT
GAGAAAGCA
TCTAAAATAG
CAATTAGCAA
ATGCAGGTC
GACAACCCT
TAAT 
TCGTTTGTAT
CTTCCGTAAT
TTTAGTCTTA
TCAATGGGA
AGCAGCGTA
CGGATATCA
CCTA 
GCAGAATTC
GAGTTATTAT
TGTC 
CTGTCAGCA
ACATCAGTTG
TGTGAGC 
 
Knock out using kanMX6 
 
Purpose Forward Reverse Forward Reverse 
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Primer Primer Sequencing 
Primer 
Sequencing 
Primer 
sir2∆ 
CCATTCTCAC
GTATTTCAAG
AAATTAGGCA
TCGCTTCGG
CGGATCCCC
GGGTTAATTA
A 
GACTACAATA
ATTGAAAGG
AAAACAAAAT
TGTTTGCCG
AATTCGAGCT
CGTTTAAAC 
AATGATTTGA
ATTTGCTGTT
CCACC 
CCAACCATG
GTCCAGGAC
AGCCAG 
 
Table 2.S2: List of deletion primers used in this study.  Related to Yeast 
strain construction in Supplemental Experimental Procedures. 
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Chapter 3 – Mitochondrial anchorage and fusion contributes to 
mitochondrial inheritance and quality control in the budding yeast, 
Saccharomyces cerevisiae. 
 
Higuchi-Sanabria R, Charalel JK, Viana MP, Garcia-Vassuer EJ, Koenigsberg A, 
Swayne TC, Vevea JD, Boldogh IR, Rafelski SM, and Pon LA. 
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Imaging for Fig. 3.S1. performed by Higuchi-Sanabria R and Boldogh IR. 
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Vevea JD, Charalel JK, and Koenigsberg A contributed to pilot experiments (data 
not included here). 
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3.1. Abstract 
 
Previous studies revealed that higher-functioning mitochondria that are 
more reduced and have less ROS are anchored in the yeast bud tip by the Dsl1 
family protein, Mmr1p. Here, we report a role for mitochondrial fusion in this bud 
tip anchorage event and mitochondrial quality control during inheritance. 
Fluorescence loss in photobleaching (FLIP) and network analysis experiments 
revealed that mitochondria in large buds are a continuous reticulum that is 
physically distinct from mitochondria in the mother cell. They also showed that 
mitochondria that enter the bud fuse with mitochondria that are anchored in the 
bud tip. Consistent with this, we find that loss of fusion leads to decreased 
accumulation and docking of mitochondria at the bud tip. Loss of fusion also 
promotes inheritance of fitter mitochondria by buds. Conversely, overexpression 
of Mmr1p results in increased accumulation and anchorage of mitochondria in 
the bud tip, inheritance of less fit mitochondria by buds, as well as decreased 
replicative lifespan and healthspan. Thus, quantity and quality of mitochondrial 
inheritance are ensured by two opposing processes: bud tip anchorage by 
mitochondrial fusion and Mmr1p, and quality control mechanisms that promote 
segregation of fit from less fit mitochondria among mother cells and buds.  
 
  
	  
	   70	  
 
3.2. Introduction 
 
 
Studies dating from the 1950's indicate that mitochondria are selectively 
localized to sites of high ATP utilization and/or calcium homeostasis. The earliest 
studies revealed that mitochondria are enriched in the neuronal synapse (131). 
Mitochondria also accumulate in the bud tip of the budding yeast S. cerevisiae 
and in the immunological synapse that forms between T cells and antigen-
presenting cells during T cell activation (132, 133). Other studies revealed that 
localization of mitochondria to their site of action affects cellular function. 
Specifically, defects in localization of mitochondria to the neuronal synapse, 
immunological synapse, and yeast bud tip result in defects in neuronal 
transmission and plasticity, T cell activation, and yeast daughter cell fitness and 
lifespan, respectively (4, 132, 134-136). Here, we investigated the role of 
mitochondrial fusion in anchorage of mitochondria in the yeast bud tip and 
mitochondrial quality control during yeast cell division. 
The mechanisms underlying site-specific anchorage of mitochondria at 
neuronal and immunological synapses are not well understood. However, recent 
studies indicate that mitochondria in the yeast bud tip are anchored to cortical ER 
(cER), an ER reticulum that is anchored to the plasma membrane (11). These 
studies also revealed a role for Mmr1p, a member of the DSL family of tethering 
proteins, for anchorage of mitochondria to cER in the yeast bud tip. Mmr1p was 
originally identified as a protein that can bind to mitochondria and to Myo2p, a 
type V myosin that mediates transport of cargos from mother cells to bud (72). 
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MMR1 also has genetic interactions with MYO2 (77, 137). These findings raise 
the possibility that Mmr1p is a cargo adapter that links Myo2p to mitochondria.  
On the other hand, deletion of MMR1 has no effect on mitochondria 
movement (11). Moreover, MMR1 protein and mRNA are enriched in the bud tip, 
suggesting that Mmr1p functions at that site and not in the mother cells where 
mitochondria are more motile (12). Indeed, Mmr1p localizes to a limited number 
of punctate structures at sites of interaction of mitochondria and cER in the yeast 
bud tip, is recovered with mitochondria and ER by subcellular fractionation, and 
is required for anchorage of mitochondria in the bud tip (11). These findings 
indicate that Mmr1p plays a direct role in linking mitochondria to cER in the yeast 
bud tip.  
Mmr1p is also required for mother-daughter age asymmetry, the 
conserved process whereby daughter cells (in S. cerevisae) or babies (in 
multicellular organisms) are born young largely independent of the age of their 
parents. In the budding yeast, this age asymmetry is achieved by segregation of 
aging determinants between mother and daughter cells, which allows for 
continued aging of mother cells and rejuvenation of daughter cells (96, 126, 138, 
139). Indeed, previous studies indicate that mitochondria in the yeast bud tip 
have less superoxide and a more reducing redox potential compared to 
mitochondria in the mother cell and that defects in inheritance of fitter 
mitochondria by yeast daughter cells affects daughter cell lifespan and mother-
daughter age asymmetry (4, 10) Interestingly, mitochondria are also 
asymmetrically inherited in mammalian cells: old and young mitochondria are 
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segregated during division of human mammary stem-like cells and cells that 
inherit fewer old mitochondria retain their stem-like traits (140). Thus, there is 
evidence that mitochondria are asymmetrically inherited during cell division and 
that this affects cell fitness and fate in yeast and other eukaryotes. 
The mechanism underlying asymmetric inheritance of mitochondria in 
mammary stem-like cells is not well understood. However, recent evidence 
indicates that preferential inheritance of higher-functioning, more acidic vacuoles 
by yeast daughter cells creates an environment that augments mitochondrial 
membrane potential at that site (68, 113). Other studies indicate that organelle-
cytoskeleton interactions that drive mitochondrial movement contribute to 
segregation of mitochondria according to fitness in dividing yeast cells. Actin 
cables of budding yeast are bundles of F-actin that serve as tracks for 
bidirectional cargo transport. Actin cables also undergo continuous movement 
from buds toward mother cells (23), which pushes actin cable-associated cargos 
including mitochondria away from the bud. As a result, retrograde actin cable 
flow (RACF) serves as a filter to prevent lower-functioning mitochondria from 
entering the bud, and as a force generator to clear lower-functioning 
mitochondria from the bud. Indeed, increasing the rate of RACF results in 
increased fitness of mitochondria inherited by buds, and this increase in 
mitochondrial fitness leads to extended replicative lifespan and increased cellular 
healthspan (10). 
Interestingly, deletion of MMR1 also results in defects in segregation of fit 
from less fit mitochondria during yeast cell division, and altered yeast lifespan 
	  
	   73	  
and healthspan (4). Thus, it is clear that anchorage of mitochondria in the bud tip 
contributes to quality control of the organelle during yeast cell division. However, 
the mechanism underlying Mmr1p function in those processes is not well 
understood. 
Here, we studied the role of mitochondrial fusion and fission in 
mitochondrial inheritance by manipulation of Fzo1p and Dnm1p. Fzo1p, the yeast 
homologue of mammalian mitofusin proteins, Mfn1 and Mfn2, is a large GTPase 
that localizes to the mitochondrial outer membrane and mediates tethering of 
mitochondria to one another during mitochondrial fusion (141). Fzo1p is required 
for maintaining the tubular mitochondrial reticulum; its deletion results in 
fragmented and clustered mitochondria, loss of mitochondrial DNA (mtDNA), and 
defects in cristae structure (83, 141, 142). Dnm1p is a dynamin-like protein that 
assembles into spirals and cylinders and drives constriction that ultimately leads 
to mitochondrial fission (88). Mitochondria in dnm1∆ cells collapse into netlike 
aggregates (143).  
Here, we identify a novel role for mitochondrial fusion in regulation of 
mitochondrial quantity and quality control during inheritance. Specifically, we find 
that mitochondria entering the bud fuse with mitochondria that are anchored in 
the bud tip, and this fusion contributes to anchorage and accumulation of 
mitochondria in the bud tip. Moreover, we find that promoting anchorage in 
mitochondria in the yeast bud tip compromises mitochondrial quality control 
during yeast cell division and promotes inheritance of less fit mitochondria by 
yeast daughter cells.  
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3.3. Results 
 
3.3.1. Mitochondria in large buds are a continuous reticulum that is 
physically distinct from mitochondria in mother cells.  
Mitochondria in budding yeast have been described as a single 
continuous reticulum. However, recent studies revealed that mitochondria in the 
mother cell of budding yeast are physically and functionally distinct from each 
other and from mitochondria in the bud (4). Here, we used fluorescence loss in 
photobleaching (FLIP) to assess mitochondrial continuity in wild-type yeast at 
late stages in the cell division cycle, immediately before mother and daughter 
cells separate. In these FLIP studies, a small area is photobleached repeatedly in 
mitochondria that contain mitochondrial matrix targeted GFP (mito-GFP). As 
diffusion brings fresh fluorophores into the targeted area and photobleached 
fluorophores out of the targeted area on mitochondria, fluorescence is lost from 
all fluorophores that are in the matrix of a single continuous mitochondrion.  
We used yeast with mutations in mitochondrial fusion and fission genes 
(DNM1 and FZO1) as controls for mitochondrial continuity in these FLIP 
experiments (Fig. 3.1A-B). In fzo1∆ cells, continuous photobleaching of a 0.25 
µm2 region on a mitochondrion in large buds resulted in loss of the fluorescence 
of mito-GFP in the photobleached organelle within 15 sec, but not in other 
mitochondria in the bud or mother cell during the 25-sec period analyzed. In 
contrast, continuous photobleaching of a region on a mitochondrion in large buds 
of dnm1∆ or dnm1∆ fzo1∆ cells resulted in a uniform loss of mito-GFP 
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fluorescence in mitochondria in the bud and mother cell. Thus, fragmented 
mitochondria of fzo1∆ cells and the continuously reticular mitochondrion of 
dnm1∆ or dnm1∆ fzo1∆ cells can be resolved by our FLIP analysis.  
Fig. 3.1. Mitochondria in large buds are a single continuous reticulum that 
is physically distinct from mitochondria in the mother. A) Cit1-GFP in wild-
type, dnm1∆, fzo1∆, dnm1∆ fzo1∆, and mgm101∆ yeast cells after continuous 
photobleaching of a region of interest in mitochondria in the bud. Arrow points to 
the photobleaching site. A 0.25 µm2 spot on a mitochondrion in the bud tip of a 
yeast cell bearing a large bud (60-80% of mother cell size) was subjected to 
continuous illumination at 488 nm. Photobleaching and confocal imaging of GFP-
labeled mitochondria were carried out continuously for 25 sec. B) Loss of 
fluorescence of mitochondria in bud and mother cells after continuous 
photobleaching of a portion of mitochondria in the bud. Integrated intensity after 
photobleaching in bud and mother cells was normalized to pre-bleaching  
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 (Fig. 3.1. continued) integrated intensity. ** = p-value <0.01, *** = p-value < 
0.001 using Student’s t-test. Data is pooled from 3 independent trials. n = 9-18 
cells per strain. C) Wild-type yeast expressing mitochondrial matrix-targeted 
GFP. A 0.35 µm2 spot on a mitochondrion in the bud tip of a yeast cell bearing a 
large bud (60-80% of mother cell size) was subjected to continuous illumination 
at 488 nm. Photobleaching and confocal imaging of GFP-labeled mitochondria 
were carried out continuously for 48 sec. Images shown are maximum 
projections of cells before and after photobleaching, respectively. Z-series were 
captured throughout the entire cell at 0.3-µm intervals. PB: photobleached area 
(blue).  ROIb (red) and ROIm (grey): regions of interest in the bud and mother 
cell, respectively, in which GFP intensity was measured. D) Integrated intensity 
of mitochondrial matrix-targeted GFP as a function of time of photobleaching in 
the photobleached zone (blue) and in ROIs in the bud (ROIb; red) and mother 
cell (ROIm; grey). Values are normalized to the value of each ROI at time 0. 
 
Next, we used FLIP to assess the continuity of mitochondria in wild-type 
cells (Fig. 3.1C-D). We found that repeatedly photobleaching a region on a 
mitochondrion in the tip of large buds resulted in rapid loss of fluorescence of 
mito-GFP in the targeted area and in a region of mitochondria adjacent to the 
photobleached zone. Subsequently, fluorescence was also lost from 
mitochondria throughout the bud. Indeed, we find that 97% of GFP fluorescence 
is lost in mitochondria in large buds during the 48-sec period analyzed. However, 
fluorescence persists in mitochondria in the mother cell. This finding indicates 
that mitochondria in the bud at late stages in the cell division cycle are a single 
continuous reticulum that is not connected to mitochondria in mother cells. 
To further characterize mitochondrial continuity, we carried out 
quantitative analysis of the 3D skeletons of mitochondrial networks (76) from 
spinning-disk confocal z-stacks of live yeast cells expressing mitochondrial 
matrix-targeted GFP. We find that the length of the longest continuously 
connected mitochondrion remains unchanged in the mother cell as a function of 
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bud size. In contrast, the length of the longest continuously connected 
mitochondrion in buds increases as a function of bud size (Fig. 3.2A). Moreover, 
we find that the percentage of cells where mitochondria in bud are connected to 
mitochondria in the mother cell decreases with increasing bud size (Fig. 3.2B). 
Thus, as bud cells increase in size, mitochondria in the bud become more 
physically distinct from mitochondria in mother cells. Interestingly, 80% of the 
total mitochondrial volume in large buds is part of a single, continuous reticulum 
(Fig. 2C). In contrast, only 60% of the total mitochondrial volume forms the 
largest connected component in mother cells. This data, together with our FLIP 
experiments, indicate that mitochondria in the mother cell are physically distinct 
from each other in yeast bearing large buds (4). Equally important, our data 
indicates that the mitochondrial network in large buds is more interconnected to 
itself than the network in mother cells. Thus, we obtained evidence that 
mitochondria in large buds, i.e. in yeast at late stages in cell division prior to 
cytokinesis, are primarily a single continuous reticulum. 
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125	  Fig. 3.2. Mitochondria in large buds are a single continuous reticulum. A) 
The length of the largest connected component in the bud increases as the bud 
grows. Notched dot box plot of the length of the largest connected components in 
cells with different sized buds. The central band in the box represents the 
median, and boxes indicate the middle quartiles; whiskers extend to the 5th and 
95th percentiles, and red crosses indicate outliers (defined as quartile 1 – 1.5× 
interquartile range and quartile 3 + 1.5× interquartile range). Bud sizes are as 
follows: ms (medium-small; n=33), m (medium; n = 26), and l (large; n = 34) as 
defined in Materials and Methods. B) The percentage of buds in each bud-size 
category with mitochondria that are connected to mitochondria in the mother. n = 
18, 32, 26, and 34 for small (s), medium-small (ms), medium (m), and large (l) 
buds, respectively. Cells with no mitochondria in the bud were excluded. C) 
Notched dot box plot of the connectivity of the mitochondrial network, measured 
as the length of the largest connected component divided by the total length of 
mitochondria in the cell. ** = p-value = 0.0019 using non-parametric Wilcoxon 
signed-rank testing. n = 34. 
3.3.2. A role for mitochondrial fusion in accumulation of mitochondria in 
the bud tip.  
To test whether mitochondria that enter the bud can fuse with 
mitochondria that are anchored in the bud tip, we carried out simultaneous 
photobleaching in mitochondria in the bud tips of two cells (Fig. 3.3A). In one 
cell, the mitochondria in the tip of a large bud was a continuous reticulum and 
physically separated from mitochondria in the mother cell: continuous 
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photobleaching of a zone on mitochondria in the bud tip resulted in loss of mito-
GFP fluorescence in all mitochondria in the bud tip and no loss of fluorescence in 
mitochondria in the mother cell. In the other cell, the mitochondrial reticulum in 
the tip of a large bud was physically separate from the mitochondria in the 
mother cell at the start of photobleaching, but was connected to one 
mitochondrion in the mother cell at the end of the imaging period (Fig. 3.3A, 
arrowhead). Here, there was a loss of fluorescence within all the mitochondria in 
the bud tip, and in one tubular mitochondrion in the mother cell that was not 
physically associated with mitochondria in the bud at that start of the FLIP 
analysis. 
Our interpretation of these findings is that the tubular mitochondrion 
moved from the mother cell to the bud and fused with mitochondria that 
accumulated in the bud tip. Since GFP was targeted to the mitochondrial matrix, 
the observed fusion occurs across mitochondrial outer and inner membranes. 
Finally, since mitochondrial fusion-linked loss of fluorescence with 
photobleaching occurred in some but not all mitochondria in the mother cell, it is 
clear that mitochondria in the mother cell are not a continuous reticulum on the 
timescale of these experiments (~1 min). Thus, mitochondria that enter the bud 
can fuse with mitochondria that accumulate and are anchored in the bud tip, 
which in turn, results in formation of a single continuous reticulum of the 
organelle in the bud tip. 
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Fig. 3.3. Mitochondrial fusion, but not fission, is required for accumulation 
of mitochondria at the bud tip. A) Simultaneous photobleaching and imaging of 
a 0.44 µm2 region of mitochondria in the bud tip in two wild-type cells (cell 1 and 
cell 2) was carried out as for Fig. 3.1. Red spot: photobleached zone. White 
arrowhead indicates a mitochondrion that fuses with mitochondria in the bud tip 
in cell 2.  Bar = 1 µm. B-D) Mitochondrial accumulation in the bud tip was 
assessed. B) Representative images of dnm1∆, fzo1∆, dnm1∆ fzo1∆, and 
mgm101∆ cells, as indicated, in glucose-based or glycerol-based (GLY) media. 
C-D) Quantification of mitochondrial accumulation in the bud tip. Integrated 
intensity of Cit1-GFP fluorescence was measured in the half of the daughter cell 
distal to the neck, relative to integrated intensity of the entire daughter cell in 
large-budded dnm1∆, fzo1∆, dnm1∆ fzo1∆, and mgm101∆ cells in glucose-based 
(C) or glycerol-based (D) media. Mitochondrial distribution in all regions of the 
cell can be found in Fig. 3.S3. For cells grown in glycerol-based media, cells 
were shifted to glucose-based media for 3-4 hours prior to imaging. Wide-field z-
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(Fig. 3.3. continued) series were collected through the entire cell at 0.5-µm 
intervals and deconvolved using a constrained iterative restoration algorithm with 
the following parameters: 507nm emission wavelength, 30 iterations, 100% 
confidence limit. * = p-value < 0.05, ** = p-value < 0.01, *** = p-value < 0.001 
using Student’s t-test. Data is representative of 3 experiments. n = 41-69 cells for 
each strain.  
 
Next, we tested whether mitochondrial fusion contributes to anchorage 
and accumulation of the organelle in the bud tip. To do so, we studied the effect 
of deletion of FZO1 on the relative mitochondrial volume as a function of location 
within yeast cells (Fig. 3.3B-C). Since deletion of FZO1 also results in loss of 
mitochondrial DNA (mtDNA), we also studied mitochondrial inheritance in 
mgm101∆ cells, which have defects in mtDNA recombination repair and high 
rates of loss of mtDNA (144). Finally, since deletion of FZO1 also results in 
severe defects in mitochondrial morphology, we studied bud tip accumulation of 
mitochondria in dnm1∆ fzo1∆ cells that do not undergo fusion but have largely 
normal mitochondrial morphology but can maintain mtDNA if they are propagated 
under respiration-driven growth conditions (Fig. 3.S1) (143).   
fzo1∆ cells exhibit a small (15-20%) decrease in the velocity of 
anterograde and retrograde mitochondria movement (Fig. 3.S2 A-C). However, 
loss of fusion or fission has no significant effect on the organization of the actin 
cytoskeleton (Fig. 3.S2 D-F). Loss of fusion or fission also has no effect on 
overall mitochondrial inheritance (Fig. 3.S3). The percentage of total cellular 
mitochondria that are present in large buds in dnm1∆ fzo1∆ cells is also not 
significantly different from that observed in wild-type cells (Fig. 3.S3C-F). fzo1∆ 
cells do have slightly less (22%) mitochondrial mass in the bud compared to wild-
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type cells. This is most likely due to the aggregation of mitochondria, which 
inhibits movement of the organelle across the bud neck (Fig. 3.S3B). 
More importantly, we observe a 60% decrease in accumulation of 
mitochondria in the bud tip in fzo1∆ and dnm1∆ fzo1∆ cells, but not in dnm1∆ 
cells (Fig. 3.3B-C). The observed defect in mitochondrial accumulation at the 
bud tip in fzo1∆ cells is not due to Fzo1p function in maintenance of mtDNA or 
defects in mitochondrial morphology. Mitochondria accumulate in the bud tip to 
the same extent in mgm101∆ and wild-type cells (Fig. 3.3C). Moreover, dnm1∆ 
fzo1∆ cells, which show normal mitochondrial morphology, exhibit defects in 
accumulation of mitochondria similar to those observed in fzo1∆ cells. To 
ascertain whether loss of mtDNA might cause defects in mitochondrial 
distribution, we produced a dnm1∆ fzo1∆ strain that maintains mtDNA by 
propagation in glycerol-based media (Fig. 3.S1). Analysis of this strain shows 
that deletion of FZO1, independent of mtDNA loss and mitochondrial morphology 
defects, results in defects in bud tip accumulation of mitochondria (Fig. 3.3D).  
The studies described above focus on accumulation of mitochondria in the 
bud tip. To determine whether Fzo1p contributes to anchorage of mitochondria in 
the bud tip, we studied the frequency of anterograde and retrograde 
mitochondrial movement at that site. In wild-type cells, mitochondria undergo 
anterograde movement into the bud tip, and mitochondria that are not anchored 
at that site undergo RACF-driven retrograde movement and are pushed away 
from the bud tip. Thus, the ratio of anterograde to retrograde mitochondrial 
movements in the bud tip is an indicator of anchorage of the organelle at that 
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site. In wild-type cells, 60% of mitochondrial movements in the tip of large buds 
are anterograde and 40% are retrograde (Fig. 3.4). In contrast, our time-lapse 
imaging reveals that in fzo1∆ and dnm1∆ fzo1∆ mutants, all of the mitochondria 
studied that enter the tip of large buds, fail to anchor there and undergo 
retrograde movement away from the bud (Fig. 3.4A-B). Thus, loss of FZO1 
results in a defect in anchorage of mitochondria in the bud tip and an increase in 
retrograde movement of mitochondria within the bud. This defect in bud tip 
anchorage is not observed in dnm1∆ or mgm101∆ cells (Fig. 3.4B). Thus, the 
bud tip accumulation defect observed in fzo1∆ and dnm1∆ fzo1∆ cells is due to 
defects in mitochondrial fusion and not to defects in mitochondrial fission, 
maintenance of mtDNA, or mitochondrial morphology. Our data support the 
model that Fzo1p contributes to mitochondrial accumulation at the bud tip by 
mediating the fusion of mitochondria that enter the bud to mitochondria that are 
already anchored to the bud tip. This, in turn, results in anchorage of 
mitochondria, as a single continuous reticulum, at that site. 
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Fig. 3.4. Fusion mutants have 
an increase in ratio of 
retrograde to anterograde 
movements in the bud tip. A) 
Time-lapse images of a 
mitochondrion entering the bud 
tip, failing to fuse with 
mitochondria anchored there, 
and subsequently moving in a 
retrograde direction. B-C) 
Further analysis of 
mitochondrial motility was 
performed in the bud tip. The 
bud tip is defined as the half of 
the bud distal to the neck. 
Images were captured every 1s 
for 30s in a single focal plane 
slightly above the center of the 
mother cell. Frequency of 
anterograde and retrograde 
mitochondrial movements in the 
bud tip was quantified in wild-
type, dnm1∆, fzo1∆, dnm1∆ 
fzo1∆, and mgm101∆ cells in 
medium to large-budded cells  
(bud-to-mother size ratio of 0.4-0.8), in glucose-based media (B) and glycerol-
based media (C). Values shown are ratios of anterograde to retrograde 
movements. Data is pooled from 3 independent trials. n = 71-109 cells per strain. 
*** = p-value < 0.001 based on chi-square testing. 
 
3.3.3. Inhibition of fusion decreases overall mitochondrial fitness.  
Here, mitochondrial function was assessed using DiOC6, a dye that is 
taken up into mitochondria in a membrane potential (Δψ)-dependent manner 
(145). To quantitate mitochondrial Δψ as a function of mitochondrial mass, we 
measured the ratio of DiOC6 fluorescence to that of Tom70p-mCherry, a 
mitochondrial outer membrane protein that is imported into the organelle in a Δψ-
independent manner (68, 145).  
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Initial studies focused on the fitness of all mitochondria within yeast cells. 
Control studies confirmed that mitochondria are labeled by DiOC6 and that 
collapse of the mitochondrial Δψ by treatment with the proton ionophore FCCP 
results in loss of DiOC6 labeling (Fig. 3.5). Beyond this, we find that deletion of 
DNM1 promotes mitochondrial fitness: there is a significant increase in ∆ψ (Fig. 
3.5B) and redox state (Fig. 3.S4) of mitochondria in dnm1∆ cells compared to 
those in wild-type cells. This increase in mitochondrial fitness is consistent with 
findings that deletion of DNM1 promotes lifespan extension in yeast (146). In 
contrast, mitochondria in fzo1∆ and dnm1∆ fzo1∆ cells, which have no mtDNA, 
have lower Δψ compared to mitochondria in wild-type cells. This loss of Δψ is 
expected because mtDNA encodes respiratory chain components that generate 
Δψ. On the other hand, dnm1∆ fzo1∆ cells, which contain mtDNA, have 
significantly lower Δψ compared to dnm1∆ or wild-type cells (Fig. 3.5E-F). Thus, 
there is a decrease in Δψ is dnm1∆ fzo1∆ cells that have mtDNA. Intriguingly, 
although fzo1∆ and mgm101∆ cells do not have mtDNA, the Δψ of mitochondria 
in fzo1∆ cells is significantly higher than that of mitochondria in mgm101∆ cells 
(Fig. 3.5B). Thus, loss of mitochondrial fusion has protective effects on 
mitochondria in cells that have also lost mtDNA.  
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Fig. 3.5. Loss of mitochondrial fusion results in decreased overall 
mitochondrial quality, but enhanced segregation of fit from less fit 
mitochondria.  A) DiOC6 was used to visualize membrane potential of 
mitochondria in wild-type, dnm1∆, fzo1∆, dnm1∆ fzo1∆, and mgm101∆ cells. 
DiOC6 intensities were normalized for mitochondrial mass using Tom70-mCherry. 
Wide-field z-series were collected through the entire cell at 0.5-µm intervals and 
deconvolved using a constrained iterative restoration algorithm with the following 
parameters: 507nm emission wavelength, 30 iterations, 100% confidence limit for 
DiOC6 and 610nm emission wavelength, 30 iterations, 100% confidence limit for 
Tom70-mCherry. Left panels: DiOC6:Tom70-mCherry ratio images superimposed  
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(Fig. 3.5. continued) on phase images. Color scale indicates ratio values; higher 
numbers and warmer colors indicate higher membrane potential. Middle panels: 
DiOC6. Bottom panels: Tom70-mCherry. Cell outlines were drawn from phase 
images. Scale bar, 1µm. B) Notched dot box plot of the average DiOC6:Tom70-
mCherry ratio in wild-type, dnm1∆, fzo1∆, dnm1∆ fzo1∆, and mgm101∆ cells in 
glucose-based media. Wild-type cells were treated with 10mM FCCP for 10 
minutes prior to DiOC6 staining as a control for loss of membrane potential. n = 
58-83 cells for each strain. Data is representative of 3 experiments. *** = p-value 
< 0.001 versus wild-type using non-parametric Kruskal-Wallis testing with 
pairwise Bonferroni correction. C) Notched dot box plot of the average 
DiOC6:Tom70-mCherry ratio in bud and mother cells in wild-type, dnm1∆, fzo1∆, 
dnm1∆ fzo1∆, and mgm101∆ cells in glucose-based media. Because mother-bud 
differences are largest late in the cell cycle, measurements for mother-bud 
differences were performed in yeast cells bearing large buds (0.60 to 0.80 ratio of 
bud to mother size). % values represent difference between bud to mother ratios 
of DiOC6/Tom70mCherry intensities. n = 30-48 cells for each strain. Data is 
representative of 3 experiments. *** = p-value < 0.001 compared to wild-type 
using non-parametric Wilcoxon signed-rank testing. D) Notched dot box plot of 
ratio of bud:mother DiOC6/Tom70p-mCherry measurements of fzo1∆ and 
mgm101∆ cells. *** = p-value < 0.001 using Kruskal Wallis testing. n = 29-30 
cells per strain. Outliers greater than +3x the interquartile range were removed 
for readability. 2 outliers were removed from fzo1∆, which did not affect the p-
value. E) Cells bearing a mutation in both DNM1 and FZO1 lose mtDNA when 
grown for >8 hr in glucose-based media (data not shown). Therefore, wild-type 
and dnm1∆ fzo1∆ cells were grown in glycerol-based media and allowed to 
recover in glucose-based media for 3-4 hours prior to imaging. Left panels: 
DiOC6:Tom70-mCherry ratios superimposed on phase images. Color scale 
indicates ratio values; higher numbers and warmer colors indicate higher 
membrane potential. Middle panels: DiOC6; right panels: Tom70-mCherry; cell 
outlines were drawn from phase images. Scale bar, 1µm. F) Notched dot box plot 
of the average DiOC6:Tom70-mCherry ratio in wild-type and dnm1∆ fzo1∆ cells 
grown in glycerol-based media. Data is representative of 3 experiments. *** = p-
value < 0.001 using non-parametric Kruskal-Wallis testing with pairwise 
Bonferroni correction. G) Notched dot box plot of the average DiOC6:Tom70-
mCherry ratio in bud and mother cells in large-budded wild-type and dnm1∆ 
fzo1∆ cells grown in glycerol based media. n = 30-41 cells for each strain. Data is 
representative of 3 experiments. n = 58-83 cells per strain. *** = p-value < 0.001 
using non-parametric Wilcoxon signed-rank testing. 
 
3.3.4. Loss of mitochondrial fusion promotes inheritance of higher 
functioning mitochondria by yeast daughter cells.  
Our previous studies revealed that mitochondria that are anchored in the 
yeast bud tip have less ROS and are more reducing compared to mitochondria in 
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mother cells and that inheritance of these fitter mitochondria by buds contributes 
to daughter cell fitness and lifespan (4, 10). Therefore, we studied the effect of 
loss of mitochondrial fusion on segregation of fit from less fit mitochondria during 
yeast cell division. DiOC6:Tom70p-mCherry ratio imaging revealed that the Δψ of 
mitochondria in the bud of wild-type cells is 45-56% higher than that of 
mitochondria in mother cells. Thus, we obtained additional evidence that fitter 
mitochondria are preferentially inherited by buds. In contrast, the Δψ of 
mitochondria in mother cells and buds of dnm1∆ or dnm1∆ fzo1∆ cells are not 
significantly different (Fig. 3.5C,G). We also observe this loss of mother-bud 
asymmetry of mitochondrial fitness in dnm1∆ cells using roGFP, a redox-
sensitive GFP variant (Fig. 3.S4C). Thus, mitochondria must be physically 
distinct to be functionally distinct in yeast. 
Surprisingly, we find that deletion of FZO1 promotes inheritance of higher-
functioning mitochondria by yeast daughter cells (Fig. 3.5C-D). Here too, we 
used mgm101∆ cells as a control for loss of mtDNA. In mgm101∆ cells, there is 
no obvious difference in the Δψ of mitochondria in mother cells and buds. Thus, 
loss of mtDNA results in loss of the asymmetric inheritance of mitochondria. On 
the other hand, mitochondria are asymmetrically inherited in fzo1∆ cells despite 
the fact that they have no mtDNA: Δψ of mitochondria in large buds of fzo1∆ cells 
is 77-92% higher compared to mitochondria mother cells. Indeed, although 
mitochondria in wild-type cells contain mtDNA and have higher Δψ compared to 
mitochondria in fzo1∆ cells, the functional segregation of mitochondria in fzo1∆ 
cells is 1.9-fold greater than that observed in wild-type cells: Δψ of mitochondria 
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in the bud of wild-type cells is only 45-46% higher than that of mitochondria in 
mother cells. Thus, our findings indicate mitochondrial fusion inhibits segregation 
of fit from less fit mitochondria during division of cells. 
 
3.3.5. Increasing mitochondrial anchorage by overexpression of MMR1 
results in inheritance of lower function mitochondria by buds and 
decreased replicative lifespan.  
Since Fzo1p contributes to anchorage of mitochondria in the bud tip and 
deletion of FZO1 results in enhanced recruitment of higher-functioning 
mitochondria in the bud, it is possible that mitochondrial anchorage has a direct 
consequence on quality control of the organelle. To test this hypothesis, we 
studied the effect of increasing mitochondrial anchorage at the bud tip on 
mitochondrial quality control in dividing yeast cells via overexpression of MMR1. 
Other groups have proposed that Mmr1p is the adapter for Myo2p on 
mitochondria and major contributor to mitochondrial movement (77, 137). 
However, we find that a 5-fold overexpression of MMR1 has no significant effect 
on the velocity of anterograde or retrograde mitochondrial movement or the 
frequency of mitochondrial movement (Fig. 3.S5A-C). It is possible that the 
discrepancy between our studies and previously published reports is due to the 
fact that the temporal resolution of imaging of mitochondrial movement in our 
studies is 10-180-fold greater than that used in previously published studies. 
These findings, together with previous findings that deletion of MMR1 has no 
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significant effect on the velocity of mitochondrial movement (11), indicates that 
Mmr1p does not have a major role in mitochondrial motility. 
Instead, we find that overexpression of MMR1 results in a significant 
increase in accumulation of mitochondria at the bud tip in wild-type cells (Fig. 
3.6A-B). Thus, we obtained additional evidence for a role for Mmr1p in 
anchorage of mitochondria in the bud tip. Beyond this, we find that 
overexpression of MMR1 in wild-type or fzo1Δ cells results in a decrease in total 
cellular mitochondrial Δψ. Indeed, the Δψ of mitochondria in fzo1Δ cells, which 
have no mtDNA and overexpress MMR1, is reduced to levels observed in 
mitochondria in mgm101∆ cells, which also have no mtDNA (Fig. 3.5B, 3.6D). 
Finally, we find that overexpression of MMR1 results in loss of the asymmetric 
inheritance of mitochondria: the Δψ of mitochondria in mother cells and buds in 
yeast that overexpress MMR1 are indistinguishable (Fig. 3.6C-D). This defect in 
segregation of fit from less fit mitochondria during yeast cell division is not due to 
defects in mitochondrial motility or cytoskeleton-dependent mitochondrial quality 
control: overexpression of MMR1 has no effect on mitochondrial motility or RACF 
(Fig. 3.S5). Instead, our findings indicate that increasing anchorage of 
mitochondria in the bud tip has a negative impact on mitochondrial function and 
mitochondrial quality control during inheritance.  
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Fig. 3.6. Overexpression of MMR1 increases mitochondrial accumulation at 
the bud tip, abolishes asymmetric inheritance of mitochondria, and 
decreases daughter cell lifespan and healthspan. A-B) Mitochondrial content 
in the bud tip was assessed as per Fig. 3.3 for wild-type, fzo1∆, and mgm101∆ 
cells with and without MMR1 overexpression. Cells were grown in glucose-based 
media. * = p-value < 0.05, ** = p-value < 0.01, *** = p-value < 0.001 compared to 
wild type using Student’s t-test. Data is representative of 3 experiments. n = 48- 
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(Fig. 3.6. continued) 60 cells for each strain. C) DiOC6 was used to visualize 
membrane potential of mitochondria as for Fig. 3.5 in wild-type and fzo1∆ cells 
with or without MMR1 overexpression. Left panels: DiOC6:Tom70-mCherry ratios 
superimposed on phase images. Color scale indicates ratio values; higher 
numbers and warmer colors indicate higher membrane potential. Middle panels: 
DiOC6; right panels: Tom70-mCherry; cell outlines were drawn from phase 
images. Scale bar, 1µm. D) Notched dot box plot of the average DiOC6:Tom70-
mCherry ratio in wild-type and fzo1∆ cells with or without MMR1 overexpression. 
Data is representative of 3 experiments. n = 42-65 cells per strain. *** = p-value < 
0.001 using non-parametric Kruskal-Wallis testing with pairwise Bonferroni 
correction. E) Notched dot box plot of the average DiOC6:Tom70-mCherry ratio in 
bud and mother cells in wild-type and fzo1∆ cells with or without MMR1 
overexpression. % values represent difference between bud to mother ratios of 
DiOC6/Tom70mCherry intensities. n = 38-45 cells for each strain. Data is 
representative of 3 experiments. *** = p-value < 0.001 compared to wild-type 
using non-parametric Wilcoxon signed-rank testing. F) Replicative lifespan of 
wild-type cells with either empty vector (EV) or MMR1 overexpression vector was 
determined as described in Materials and Methods. p-value for average lifespan 
< 0.001 (Student’s t-test). G) Mean generation time was determined during the 
replicative lifespan assay by recording the time between emergence of 
consecutive buds from the same mother. Error bars represent SEM. (F) and (G) 
n = 30-32 cells per strain. Data shown is representative of 3 trials.  
 
Since promoting anchorage of mitochondria in the bud results in a 
decrease in total cellular mitochondrial function, as assessed by Δψ, we tested 
the effect of MMR1 overexpression on cellular lifespan and health. Aging studies 
in yeast can model two distinct forms of cellular aging (147). Chronological 
lifespan, the survival time of stationary-phase, non-dividing yeast cells, is a 
model for stress resistance in post-mitotic cells. Replicative lifespan (RLS), the 
number of times that a cell can divide prior to senescence, is a model for aging of 
division-competent cells. We find that overexpression of MMR1 results in a 
significant decrease in RLS (Fig. 3.6F).   
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The healthspan of an organism is the period during which it is generally 
healthy and free of disease or age-related symptoms. Mean generation time, 
which increases as yeast age, is an indicator of healthspan (4, 126). We find that 
overexpression of MMR1 also results in a significant increase in mean generation 
time (Fig. 3.6G). Thus, promoting anchorage of mitochondria in the bud tip by 
overexpression of MMR1 results in a decrease in mitochondrial function, as well 
as decreased lifespan and healthspan. Thus, promoting anchorage of 
mitochondria in the bud tip results in inheritance of lower functioning 
mitochondria, which in turn may have a negative impact on yeast cell lifespan 
and healthspan.  
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3.4. Discussion 
Previous studies indicate that mitochondrial fusion is required for normal 
mitochondrial morphology, maintenance of mtDNA and mitochondrial respiratory 
activity in budding yeast (83, 141). Here, we report a novel role for mitochondrial 
fusion in anchorage and quality control of mitochondria at the bud tip.  
Using FLIP and quantitative analysis of mitochondrial network 
connectivity, we find that mitochondria in the tip of the large buds are a largely 
continuous reticulum that is physically distinct from mitochondria in the mother 
cell. FLIP studies also provided direct evidence that mitochondria that move from 
mother cells to bud can fuse with mitochondria that are anchored in the yeast 
bud tip. In light of this, we assessed the role of mitochondrial fusion in anchorage 
of mitochondria in the yeast bud tip. We find that loss of mitochondrial fusion 
results in a decrease in the volume of mitochondria that accumulate in the yeast 
bud tip, a defect in anchorage of mitochondria at that site, and increased 
retrograde movement of mitochondria within the bud. The defects in anchorage 
of mitochondria in the bud tip in yeast that carry a deletion in FZO1 are not due to 
defects in maintenance of mtDNA or mitochondrial morphology. Specifically, 
there are no obvious defects in accumulation of mitochondria in the bud tip of 
mgm101∆ cells (which have no mtDNA) or in dnm1∆ fzo1∆ (which have defects 
in mitochondrial fusion but largely normal mitochondrial morphology). Finally, 
although there is a small decrease in mitochondrial inheritance by buds in fzo1∆ 
cells, the defect in bud tip accumulation in fzo1∆ cells is significantly (3-fold) 
greater than the inheritance defect. Overall, our data support the model that 
	  
	   95	  
mitochondria entering the bud tip fuse with mitochondria that are anchored at that 
site, generating a continuous reticulum of mitochondria that remain anchored in 
the bud tip. 
Next, we studied the role of mitochondrial fusion in mitochondrial function 
by monitoring Δψ. We find that loss of mitochondrial fusion results in a decrease 
in Δψ, which is expected since Fzo1p is required for maintenance of mtDNA. In 
contrast, dnm1∆ cells have increased Δψ and are more reducing compared to 
wild-type yeast. This finding is consistent with the lifespan extension observed 
upon deletion of DNM1 in aging model systems (146, 148). Interestingly, the 
metazoan mitochondrial fission protein, Drp1, is critical for mitochondrial function 
(149). Indeed, in Purkinje cells of the cerebellum, loss of Drp1 results in 
increased mitochondrial ROS (150). Similarly, activation of Drp1 by Ras or MAPK 
pathways promotes mitochondrial fission and tumor growth, and results in 
decreased mitochondrial membrane potential (Δψ) and increased mitochondrial 
ROS production (151, 152). Yet to be determined is how Dnm1p and its 
metazoan homologue exert differential, cell type-specific effects on mitochondria. 
We also observe a decrease in Δψ in dnm1∆ fzo1∆ cells, which contain 
mtDNA and have largely normal mitochondrial morphology. This finding is 
consistent with a recent report that simultaneously inhibiting fusion and fission by 
deletion of DNM1 and MGM1 (a mitochondrial inner membrane fusion protein) 
results in increased sensitivity to stress, increased oxidative damage in 
mitochondria, decreased respiratory capacity of mitochondria, and decreased 
replicative lifespan. Since simultaneous loss of mitochondrial fusion and fission 
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results in mutations in mtDNA near the origins of mtDNA replication, as well as 
defects in mitophagy (mitochondria-specific macroautophagy) (153, 154), the 
decrease in mitochondrial function in dnm1∆ fzo1∆ cells may be due to reduced 
integrity of mtDNA and/or failure to eliminate low-functioning mitochondria.  
Finally, we studied the role of mitochondrial fusion in the asymmetric 
inheritance of mitochondria. Using DiOC6 to assess mitochondrial Δψ relative to 
mitochondrial mass, we find that the Δψ of mitochondria in buds is 46-56% 
higher compared to that observed in mitochondria in mother cells. Thus, we 
obtained additional evidence for inheritance of fitter mitochondria by yeast 
daughter cells. Moreover, we find that deletion of DNM1, and the resulting 
production of a single continuous reticulum of mitochondria in mother cells and 
buds, inhibits the asymmetric inheritance of mitochondria. Thus, a physical 
separation between mitochondria in the bud and those in the mother cell is 
required for segregation of fitter from less fit mitochondria during yeast cell 
division.  
In contrast, we found that loss of mitochondrial fusion promotes 
segregation of fit from less fit mitochondria during yeast cell division. Since 
deletion of FZO1 results in loss of mtDNA, which compromises mitochondrial 
function and Δψ, we studied the relative function of mitochondria in mother cells 
and buds in fzo1∆ and mgm101∆ cells, both of which have no mtDNA. The Δψ of 
mitochondria in buds and mothers in mgm101∆ cells are indistinguishable. Thus, 
loss of mtDNA in cells with wild-type FZO1 results in loss of the asymmetric 
inheritance of mitochondria. On the other hand, segregation of fitter from less fit 
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mitochondria during yeast cell division is more effective in fzo1∆ cells compared 
to mgm101∆ cells and even to wild-type cells.  
In light of our finding that Fzo1p contributes to anchorage of mitochondria 
in the bud tip, we tested whether Fzo1p favors inheritance of fitter mitochondria 
by buds through its function in anchorage of mitochondria in the bud tip. To do 
this, we generated cells that overexpress MMR1. Although Mmr1p has been 
proposed to be a cargo adapter for Myo2p-dependent transport of mitochondria 
(77, 137), we find that overexpression of MMR1 has no effect on the velocity or 
frequency of mitochondrial movement. Instead, overexpression of MMR1 results 
in an increase in accumulation of mitochondria in the bud tip, consistent with a 
role for Mmr1p in anchorage of mitochondria at that site (11). 
Equally important, we find that increasing anchorage via overexpression of 
MMR1 results in decreased overall mitochondrial Δψ, loss of mitochondrial 
quality control during inheritance as well as decreased cellular lifespan and 
healthspan. This finding supports the model that anchorage of mitochondria at 
the bud tip can interfere with the RACF filter described in our previous studies 
(10). According to this model, RACF-driven retrograde movement of 
mitochondria (from buds toward mother cells) inhibits transport of low-functioning 
mitochondria from mother cells to buds and promotes transport of low-functioning 
mitochondria that enter the bud back into the mother cell. Thus, anchorage of 
mitochondria in the bud tip may disable RACF function in clearance of low-
functioning mitochondria from the bud.  
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Finally, the function of FZO1 in anchorage-dependent mitochondrial 
quality control during inheritance may explain why mitochondria in fzo1∆ cells 
that contain no mtDNA are higher functioning compared to mitochondria in 
mgm101∆ cells, which also contain no mtDNA. It is possible that loss of 
mitochondrial fusion results in enhanced RACF-dependent clearance of low-
functioning mitochondria from buds in fzo1∆ cells as compared to mgm101∆ 
cells, which lack mtDNA but are not defective in mitochondrial anchorage. 
Consistent with this, we find that deletion of FZO1 results in increased retrograde 
movement of mitochondria from buds to mother cells. 
Overall our findings support a novel role for Fzo1p in anchoring 
mitochondria in the yeast bud tip by promoting fusion of newly inherited 
mitochondria to mitochondria that are anchored to the bud tip. We also find that 
mitochondria in the bud are physically distinct from mitochondria in mother cells 
at late stages in the cell division cycle, which allows mitochondria in buds to be 
functionally distinct from mitochondria in mother cells and is critical for 
inheritance of fitter mitochondria by yeast daughter cells after cytokinesis. Finally, 
although anchorage of mitochondria at the bud tip is also critical for retaining 
mitochondria at that site, it can also interfere with mitochondrial quality control 
during yeast cell division. Thus, there is a delicate balance between 
mitochondrial anchorage and motility, such that anchorage promotes 
mitochondrial inheritance (i.e. the quantity of organelles inherited), but can also 
act against the quality control mechanisms such as RACF that promote 
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clearance of low functioning mitochondria from buds and in doing so, affect 
daughter cell fitness and lifespan. 
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3.5. Materials and Methods 
 
 
Yeast growth conditions 
S. cerevisiae strains are derivatives of the wild-type BY4741 strains 
(MATa his3∆1 leu2∆0 met15∆0 ura3∆0) from Open Biosystems (Huntsville, AL, 
USA). All imaging experiments were carried out with cultures grown at 30°C with 
shaking to mid-log phase (OD600 = 0.1-0.3) in synthetic complete (SC) media or 
appropriate dropout or drug-containing media for selection. For the dnm1∆ fzo1∆ 
strain, cells were grown in glycerol-based media (SGly-EtOH – 5% glycerol, 3% 
EtOH) or YPG (yeast-peptone-glycerol) to maintain mitochondrial DNA. For all 
imaging experiments of dnm1∆ fzo1∆ cells maintaining mitochondrial DNA, cells 
were grown in glycerol-based media and switched to SC, glucose-based media 
for 3-4 hours prior to imaging.  
 
Yeast strain construction 
In dnm1∆, fzo1∆, and mgm101∆ strains, the DNM1, FZO1, and MGM101 
genes, respectively, were replaced with LEU2 using primers listed in Table 3.S1. 
A PCR fragment containing regions homologous to sequences directly upstream 
of the start codon and directly downstream of the stop codon and coding regions 
for LEU2 was amplified from plasmid POM13 (Addgene, Cambridge, MA). 
BY4741 cells were transformed with the PCR product using the lithium acetate 
method and transformants were selected on SC-Leu. PCR using specific primers 
(Table 3.S1) was used to confirm deletion of the gene. To produce the dnm1∆ 
fzo1∆ rho+ strain, FZO1 was replaced with KanMX-6 amplified by PCR using 
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forward primer 5’ GATATCACGGATAGAGGCAAAACGGTAGGCTCATTTAACG 
CGGATCCCCGGGTTAATTAA3’ and reverse primer 5’TATATTGATTTG 
AAAAGACCTCATATATTTACAAGAATATGAATTCGAGCTCGTTTAAAC3’ from 
plasmid pfa6-KanMX6 (Addgene, Cambridge, MA) in dnm1∆ cells and 
propagated in glycerol-based media. Transformants were screened by PCR 
using fzo1∆ screening primers (Table 3.S1). dnm1∆ fzo1∆ rho+ cells were grown 
in glucose-based media for greater than 24 hrs to lose mtDNA. Loss of mtDNA 
was tested by growth on non-glucose based media and DAPI staining as 
described below.  
The C-terminus of Cit1p was tagged with GFP(S65T) using PCR-based 
insertion into the chromosomal copy of CIT1. A PCR fragment containing regions 
homologous to the 3’ end of CIT1 directly upstream and downstream of the stop 
codon and coding regions for GFP and the kanamycin resistance marker 
kanMX6 was amplified from pFA6a-GFP(S65T) (Addgene, Cambridge, MA) with 
forward primer 5’ AAAATACAAGGAGTTGGTAAAGAAAATCGAAGTAAG 
AACCGGATCCCCGGGTTAATTAA 3’ and reverse primer 5’ AATAGTCGCATAC 
CCTGAATCAAAAATCAAATTTTCCTTAGAATTCGAGCTCGTTTAAAC3’. 
BY4741 cells were transformed with the PCR product using the lithium acetate 
method and transformants were selected on YPD containing 200µG/mL 
geneticin. Cells positive for GFP-tagged Cit1p were screened by fluorescence 
microscopy.  
The C-terminus of Tom70p was tagged with yEpolylinker-mCherry as 
described above. A PCR fragment containing regions homologous to the 3’ end 
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of TOM70 directly upstream and downstream of the stop codon and coding for 
yEpolylinker-mCherry and the hygromycin B resistance marker hphMX4 was 
amplified from PCY3090-02 (Addgene, Cambridge, MA) using forward primer 5’ 
TCAAGAAACTTTAGCTAAATTACGCGAACAGGGTTTAATGGGTGACGGTGCT
GGTTTA 3’  and reverse primer 5’ TTGTCTTCTCCTAAAAGTTTTTAAGTTTATG 
TTTACTGTATCGATGAATTCGAGCTCG 3’. Cells positive for yEpolylinker-
mCherry-tagged Tom70p were screened by fluorescence microscopy.  
MMR1 overexpressing yeast cells were synthesized by expressing p416-
TEF-13MYC-MMR1 described below. Overexpression was confirmed through 
western blot analysis. Whole cell yeast extracts were prepared by vortexing mid-
log phase yeast cells with 0.5 mm glass beads in solution consisting of 10% 
glycerol, 10 mM EGTA, 1% Triton X-100, 50mM Tris-HCL pH 7.5, 150 mM NaCl, 
2mM PMSF, and protease inhibitor cocktail (130). Protein concentrations of 
lysate was determined using bicinchoninic acid assay following vendor’s protocol 
(Pierce Chemical, Rockford IL). 13MYC-tagged Mmr1p levels were analyzed 
using monoclonal antibody raised against the MYC epitope and in-gel 
trichloroethanol staining as a loading control (155). Labeled proteins were 
visualized using Luminata Forte Western HRP Substrate (Millipore, Billerica, 
Massachusetts) on a BioRad ChemiDoc imager.  
 
Plasmid Construction 
In wild-type yeast cells, the chromosomal locus of MMR1 was tagged 
using PCR-based insertion as described above. A PCR fragment containing 
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regions homologous to the 5’ end of MMR1 directly upstream and downstream of 
the start codon and coding regions for 13MYC and the auxotrophic marker LEU2 
was amplified from POM43 (Addgene, Cambridge, MA) using forward primer: 5’ 
AAAAAAAAAAACACAACTAATAAACTAAACAACTAAAAAAATGTGCAGGTCGA
CAACCCTTAAT 3’ and reverse prime: 5’ GTTTTGGAGTAAGTTGTTC 
CGATTTCATTGTTGGAGAATTGCGGCCGCATAGGCCACT 3’. Cells positive 
for 13MYC tagged MMR1 were screened via PCR using forward primer: 5’ 
GGCACATCTTCCTAAATAGCAGTAAGG 3’ and reverse primer 5’ 
GCCAGTGTCTAATTTTAGCTTCGTAGG 3’. The LEU2 marker was removed 
through Cre-recombinase driven excision using a galactose-inducible Cre 
recombinase on plasmid (pSH62, Euroscarf, University of Frankfurt) and inducing 
for 4 hr at 30°C in media containing galactose. Excision of LEU2 was confirmed 
by failure to grown on SC-Leu media.13MYC-MMR1 was then PCR amplified 
from genomic DNA using forward primer 5’ CGCGAAGCTTCCA 
GTACTCATTGCAAAATCA 3’ and reverse primer: 5’ CGCGATCGATTAG 
CCTACAATACAAAGCGCC 3’. The PCR product and the vector p416-TEF were 
digested sequentially with HindIII and ClaI and ligated to produce the p416-TEF-
13MYC-MMR1 plasmid.  
 
Microscopy 
All wide-field imaging was performed as described previously (156) on one 
of the following microscope systems: an Axiovert 200M microscope with 100x/1.4 
Plan-Apochromat objective (Zeiss, Thornwood, NY) and Orca ER cooled charge-
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coupled device (CCD) camera (Hamamatsu, Bridgewater, NJ); an Axioskop 2 
microscope with 100x/1.4 Plan-Apochromat objective (Zeiss, Thornwood, NY) 
and an Orca 1 cooled CCD camera (Hamamatsu) or an Axiocam CCD camera 
(Zeiss, Thornwood, NY) or an inverted AxioObserver.Z1 microscope with a 
100x/1.3 oil EC Plan-Neofluar objective (Zeiss, Thornwood, NY) and Orca ER 
cooled CCD camera (Hamamatsu, Bridgewater, NJ). For visualization of GFP 
and mCherry, fluorophores were excited by a mercury or metal halide lamp and 
imaged through standard FITC and rhodamine filter sets. Hardware was 
controlled by Openlab (Perkin-Elmer, Waltham, MA), Volocity (Perkin-Elmer), 
Axiovision (Zeiss), or ZEN (Zeiss) software.  
 
Analysis of mitochondrial quality using roGFP and DiOC6 
 For determination of relative mitochondrial redox state, we transformed 
yeast with a plasmid containing the mitochondrial targeting sequence of ATP9 
fused to roGFP1 (mito-roGFP1) (4). Cells were grown to mid-log phase in SC-
Ura, and concentrated by centrifugation at 4,656 x g. 1.5µL of concentrated cell 
suspension was applied to a microscope slide and imaged as described 
previously (10, 123). Briefly, slides were imaged immediately for a maximum of 
15 min after slide preparation. Mito-roGFP1 was imaged using a 100x/1.3 EC 
Plan-Neofluar objective (Carl Zeiss), with excitation by LED at 365 and 470 nm, 
at 25% power for excitation of oxidized and 100% power for reduced forms, 
respectively with gain at 216. Emission was imaged through a modified GFP filter 
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(Zeiss filter set 46 HE with excitation filter removed; dichroic FT 515, emission 
535/30). Z-series were collected through the entire cell at 0.3-µm intervals using 
1x1 binning and 75ms exposure time. Images were deconvolved using a 
constrained iterative restoration algorithm with the following parameters: 507nm 
emission wavelength, 60 iterations, 100% confidence limit (Volocity, Perkin-
Elmer, Waltham, MA). The reduced-to-oxidized ratio of mito-roGFP1 was 
calculated by dividing, pixel by pixel, the intensity of the oxidized channel by that 
of the reduced channel after background selection and thresholding. Zones of 
mother and bud were identified using corresponding transmitted-light images.  
 For determination of mitochondrial membrane potential, yeast cells were 
stained with DiOC6 as previously described (68) with some modifications. Cells 
containing mCherry-tagged Tom70p were grown to mid-log phase in SC at 30° 
C, washed, and resuspended in staining buffer (10mM HEPES, 5% glucose). A 
DiOC6 stock solution of 17.5mM in 100% ethanol was added to a suspension of 
cells in staining buffer to a final concentration of 17.5nM. Cells were incubated 15 
min with shaking at room temperature, washed three times with staining buffer, 
concentrated, and mounted on slides and imaged for no more than 2 min. Cells 
were imaged using a 100x/1.3 EC Plan-Neofluar objective (Carl Zeiss). DiOC6 
was excited with a 470nm LED at 100% power and emission was imaged using a 
standard GFP filter (Zeiss filter set 46 HE; dichroic FT 515, emission 535/30). 
Tom70-mCherry was excited with a metal-halide lamp and emission was imaged 
using a standard rhodamine filter (Zeiss filter set 43 HE; excitation 550/25, 
dichroic FT 570, emission 605/70). Z-series were collected through the entire cell 
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at 0.5-µm intervals using 1x1 binning. Exposure times were 50 ms for DiOC6 and 
200 ms for Tom70-mCherry and gain at 216. Images were deconvolved using a 
constrained iterative restoration algorithm with the following parameters: 507nm 
emission wavelength, 30 iterations, 100% confidence limit for DiOC6 and 610nm 
emission wavelength, 30 iterations, 100% confidence limit for Tom70-mCherry. 
DiOC6-to-Tom70-mCherry ratios were calculated by dividing, pixel by pixel, the 
intensity of DiOC6 by the intensity of Tom70-mCherry after background 
subtraction and thresholding. Zones of mother and bud were identified using 
corresponding transmitted images. 
 
Fluorescence loss in photobleaching (FLIP) 
FLIP experiments for Figs. 3.1 and 3.4 were performed on a  Leica TCS 
MP5 laser scanning confocal microscope (Leica Microsystems US, Buffalo 
Grove, IL). Wild-type yeast expressing mitochondrial matrix-targeted GFP were 
concentrated and mounted on slides as described above. Bleaching was 
performed with the 488-nm laser line on a spot within mitochondria in the bud.  
Imaging was carried out simultaneously with bleaching at 0.47-s intervals for a 
total of 48 s. Quantification was performed by drawing ROIs around tubular 
mitochondrial structures or in manually drawn ROIs where specified and 
calculating integrated pixel intensities. FLIP experiments for Fig. 3.2 were 
performed on a Nikon A1R-MP laser scanning confocal microscope (Nikon 
Instruments, Melville, NY). Wild-type yeast expressing mitochondrial matrix-
targeted GFP were concentrated and mounted on slides as described above. 
	  
	   107	  
Bleaching was performed with the 488-nm laser line on a circular spot 0.5 µm in 
diameter within mitochondria at the bud tip. A cycle consisting of 125 ms 
photobleaching and 250 ms imaging was repeated for a total of 12 s. 
Quantification was performed by drawing ROIs around tubular mitochondrial 
structures or in manually drawn ROIs where specified and calculating integrated 
pixel intensities.  
 
Quantitation of the velocity and frequency of mitochondrial movement.  
Yeast expressing mitochondria-targeted roGFP were visualized using 470 
nm LED excitation at 100% power and a standard GFP filter set. Single-plane 
images (focused at the center of the mother cell) were recorded at 1-sec intervals 
for a total of 30 sec. using 1x1 binning, 75 ms exposure, and gain at 216. The 
change in position of the tip of each moving or elongating tubular mitochondrion 
was recorded as a function of time. Mitochondrial movement was scored when a 
mitochondrion made three or more consecutive movements in the same 
direction. Image enhancement and analysis were performed using Volocity 
software. 
 
Measurements of mitochondrial distribution 
Mitochondria were visualized in living cells using GFP-tagged Cit1p. Cells 
were grown to mid-log phase in SC, concentrated by centrifugation at 4,656 x g, 
and 1.5 µL of cell suspension was applied to a microscope slide and imaged 
immediately for a maximum of 15 min after slide preparation. Cit1-GFP was 
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excited with a 470 nm LED at 100% power and emission was imaged using a 
standard GFP filter. Z-series were collected through the entire cell at 0.5-µm 
intervals using 1x1 binning and 150 ms exposure time at 216 gain. Images were 
deconvolved using a constrained iterative restoration algorithm with the following 
parameters: 507 nm emission wavelength, 30 iterations, 100% confidence limit. 
The bud was divided in half by a plane parallel to the bud site, creating the bud 
tip (the area from the center of the bud to the bud tip distal to the mother cell) and 
the bud neck (the area from the center of the bud to the boundary with the 
mother cell). The mother cell was divided into three parts by dividing its long axis 
into three equal segments with perpendicular planes, creating the mother neck 
(the area proximal to the bud-mother-boundary), the mother middle (the central 
zone of the mother), and the mother tip (the area most distal to the bud). The 
relative mitochondrial mass was determined in each region using Volocity 
software by measuring integrated intensity of mitochondria and normalizing to the 
total integrated intensity of the mitochondria within the entire cell. 
 
Visualization of F-Actin with Rhodamine-Phalloidin 
Visualization of actin with rhodamine-phalloidin was performed as 
previously described (10). In short, cells were grown to mid-log phase in YPD at 
30°C, and fixed by adding paraformaldehyde to 3.7% into the growth medium. 
Cells were continued to incubate at 30°C for 50 min. Fixed cells were washed 
three times with wash solution (0.025M KPi pH 7.5, 08M KCl), followed by one 
wash with PBT (1x PBS containing 1% w/v BSA, 0.1% v/v Triton X-100, 0.1% w/v 
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sodium azide), and stained with 1.65µM rhodamine-phalloidin (Molecular Probes, 
Eugene, OR) for 35 min at room temperature in the dark. Cells were washed 
three times with 1x PBS, resuspended in mounting solution, and stored at -20°C 
until visualization. Rhodamine-phalloidin was visualized using a 100x/1.3 EC 
Plan-Neofluar objective using a metal-halide lamp for excitation and a standard 
rhodamine filter (Zeiss filter set 43 HE; excitation 550/25, dichroic FT 570, 
emission 605/70). Z-series were collected through the entire cell at 0.3-µm 
intervals using 1x1 binning and 150 ms exposure. Images were deconvolved 
using a constrained iterative restoration algorithm (Volocity, Perkin-Elmer, 
Waltham, MA) with the following parameters: 620 nm emission wavelength, 60 
iterations, and 100% confidence limit.  
 
Measurement of retrograde actin cable flow (RACF) 
Cells were grown to mid-log phase in SC media. 1.5 µL of concentrated 
cell suspension was spread over the surface of a glass slide and covered with a 
coverslip. Slides were imaged within 2 min after slide preparation. Abp140p-GFP 
was imaged using a Zeiss 10x/1.4 Plan-Apochromat objective lens using a metal-
halide lamp and a standard GFP filter (Zeiss filter set 46 HE; dichroic FT 515, 
emission 535/30). Images were collected at a focal plane ~0.5-1 µm above the 
center of the mother cell at 0.524-sec intervals for a total of 10 sec using 1x1 
binning, 300 ms exposure, and analog gain of 216.  
The velocity of RACF was determined by measuring the change in 
position of the tip of a moving or elongating cable, or the movement of bright, 
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fiduciary marks along actin cables as a function of time as previously described 
(23). Image analysis and enhancement were performed using Volocity software 
(Perkin-Elmer, Waltham, MA). 
 
Assessment of mitochondrial genome maintenance 
Serial dilutions were performed on both yeast extract-peptone-dextrose 
(YPD) and yeast extract-peptone-glycerol (YPG) plates. Failure to grow on media 
containing a non-fermentable carbon source as a sole carbon source (YPG) 
indicates loss of mitochondrial respiration. Visualization of mtDNA was performed 
on cells fixed as described above, and resuspended in mounting solution 
containing 0.5µg/mL DAPI. Stained cells mounted on microscope slides were 
imaged using a 100x/1.3 EC Plan-Neofluar objective (Carl Zeiss), 365nm LED at 
100% power using a standard DAPI filter (Zeiss filter set 49; excitation G365, 
dichroic FT 395, emission 445/50). Z-series were collected through the entire cell 
at 0.3-µm intervals using 1x1 binning and 25 ms exposure time. Images were 
deconvolved using a constrained iterative restoration algorithm with the following 
parameters: 460 nm emission wavelength, 30 iterations, 100% confidence limit. 
 
Assessment of Replicative Lifespan 
RLS measurements were performed as previously described, without 
alpha-factor synchronization. Briefly, frozen yeast strain stocks (stored at -80° C) 
were grown on SC-URA plates at 30° C. Single colonies of wild-type cells 
harboring either an empty p416-TEF vector or P416-TEF-13MYC-MMR1 
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overexpression vector were individually suspended in liquid SC-URA and grown 
at 30° shaking to mid-log phase (OD600 0.1-0.3). A 2 µL aliquot of cell suspension 
was applied to a SC-URA plate. Small-budded cells were isolated and arranged 
in a matrix using a micromanipulator mounted on a SPOREPLAY model 
000000123 dissecting microscope (Singer Instruments, Somerset, UK). When 
the small buds completed growth, their mother cells were removed and discarded 
and the remaining daughter cells were named virgin mother cells. After each 
subsequence replication, the time and number of daughter cells produced by 
each virgin mother cell was recorded until all replication ceased.  
 
Statistical Methods: 
All statistical testing, production of box plots, and determination of p-
values were performed using the Analyse-it add-on (Analyse-it Software, Ltd., 
Leeds, UK) for Microscoft excel (Microsoft, Redmond, WA). Non-parametric 
Kruskal-Wallis, Wilcoxon signed-rank, and Mann Whitney U testing, as well as 
parametric Student’s t-test and chi-square testing were used to calculate p-
values where appropriate and as detailed in each figure legend. For all notched 
dot box plots, the central band in the box represents the median, and boxes 
indicate the middle quartiles; whiskers extend to the 5th and 95th percentiles, 
black dots represent all data points, and red crosses indicate outliers (defined as 
quartile 1 - 1.5× interquartile range and quartile 3 + 1.5× interquartile range) 
 
Analysis of mitochondrial connectivity in mother vs. bud 
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Cells were imaged and mitochondria skeletonized as described in (76). 
The dataset represents three separate days of experiments and includes a total 
of 134 budding cells. Unbudded cells in G1 were ignored for this analysis. Bud 
size was converted into "percentage progression of budding" as in (76). Cells 
were then further categorized based on their percent progression of budding as 
follows: small buds (0-25%), medium-small buds (25-50%), medium buds (50-
75%), and large buds (75+%). The length of the mitochondria in mothers and 
buds was calculated as the length of the skeleton of the mitochondria in each 
compartment. The mitochondrial network in a cell can be anything from one 
single interconnected structure to many, small individual tubules. Each 
interconnected structure is defined as a "connected component" when 
considering the mitochondria as a mathematical network. The length of the 
largest connected component is therefore simply the length of the largest 
continuous structure. This was calculated for each the mother and the bud. The 
number of cells displaying a continual structure spanning from the mother into 
any part of the bud was also calculated. To calculate the percentage of 
mitochondria that are interconnected in each the mother and the bud, the length 
of mitochondria in the largest connected component was divided by the total 
length of mitochondria (again in either the mother or bud compartment).  
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Fig. 3.S1. Mitochondrial genome maintenance and respiratory activity in 
wild-type, dnm1∆, fzo1∆, and dnm1∆ fzo1∆ cells. A) Maximum projections of 
DAPI-stained DNA visualized in wild-type, dnm1∆, fzo1∆, and dnm1∆ fzo1∆ cells 
with (rho+) and without (rho0) mtDNA. Wide-field z-series were collected through 
the entire cell at 0.5-µm intervals and deconvolved using a constrained iterative 
restoration algorithm with the following parameters: 460nm emission wavelength, 
30 iterations, 100% confidence limit for DAPI and 507nm emission wavelength, 
30 iterations, 100% confidence limit for GFP. Yeast bearing a deletion in 
MGM101, which encodes a mtDNA recombination and repair protein required for 
mtDNA maintenance, were used as a representative rho0 strain that has no 
mtDNA or mitochondrial respiratory activity. Cell outlines were drawn from phase 
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images. Bar = 1 µm. B) Growth of wild-type, dnm1∆, fzo1∆, dnm1∆ fzo1∆, and 
mgm101∆ cells on glucose, a fermentable carbon source, and glycerol, a non-
fermentable carbon source that is usable only by cells with mitochondrial 
respiratory activity.  
 
 
	  
	   116	  
 
	  
	   117	  
Fig. 3.S2. Loss of fusion results in decreased velocity of mitochondrial 
movement despite maintenance of the actin cytoskeleton. A) Velocity of 
anterograde and retrograde mitochondrial motility was measured by time-lapse 
imaging of roGFP targeted to mitochondria in wild-type, dnm1∆, fzo1∆, dnm1∆ 
fzo1∆, and mgm101∆ cells. Left panels: representative images of an anterograde 
movement. Right panels: representative images of a retrograde movement in 
wild-type cells. Images were captured every 1 s for 30 s in a single plane slightly 
above the center of the mother cell. B-C) Notched dot box plot of velocities of 
anterograde (B) and retrograde (C) mitochondrial movements in wild-type, 
dnm1∆, fzo1∆, dnm1∆ fzo1∆, and mgm101∆ cells grown in glucose-based 
media. *= p-value < 0.05, ** = p-value < 0.01, *** = p-value < 0.001 using non-
parametric Kruskal-Wallis testing with pairwise Bonferroni correction. Data is 
pooled from 3 independent trials. n > 80 cells per strain. D-E) Velocity of 
anterograde (D) and retrograde (E) mitochondrial motility was measured in wild-
type, dnm1∆ and dnm1∆ fzo1∆ cells grown in glycerol-based media. *** = p-value 
< 0.001 using non-parametric Kruskal-Wallis testing with pairwise Bonferroni 
correction. Data is pooled from 3 independent trials. n = 90 cells per strain. F) 
Wild-type, dnm1∆, fzo1∆, and mgm101∆ cells were grown to mid-log phase, fixed 
and stained with rhodamine phalloidin. Wide-field z-series were collected through 
the entire cell at 0.3-µm intervals and deconvolved using a constrained iterative 
restoration algorithm with the following parameters: 620nm emission wavelength, 
60 iterations, and 100% confidence limit. Scale bar represents 1 µm. G) Notched 
dot box plot of polarized actin cables in wild-type, dnm1∆, fzo1∆, and mgm101∆ 
cells grown in glucose-based media. Number of polarized actin cables was 
determined in mother cells bearing small to medium-sized buds (bud diameter 
20-60% of the diameter of the mother cell). Polarized cables were defined as 
those that are parallel to the mother-bud axis. There is no statistical significance 
between strains based on non-parametric Kruskal-Wallis testing with pairwise 
Bonferroni correction. Data is representative of 3 experiments. n = 57-89 cells 
per strain. H) The number of actin patches in the mother was used as a measure 
of total cellular polarization with higher numbers indicating depolarization of actin. 
Notched dot box plot of actin patches in mother cells measured in wild-type, 
dnm1∆, fzo1∆, and mgm101∆ cells. ** = p-value < 0.01 calculated by non-
parametric Kruskal-Wallis testing with pairwise Bonferroni correction. Data is 
representative of 3 experiments. n = 57-89 cells per strain. 
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Fig. 3.S3. Fusion and fission mutants have altered distribution of 
mitochondria. 
Mitochondrial distribution was analyzed in 4 regions in wild-type, dnm1∆, fzo1∆, 
dnm1∆ fzo1∆, and mgm101∆ cells: tip of the bud distal to the mother (bud tip), tip 
of the bud adjacent to the mother (bud neck), total bud, and total mother. BN = 
bud neck; BT = bud tip. Wide-field images were taken as for Fig. 3. For A-D, cells 
were grown in glucose-based media. For E-F, cells were grown in glycerol. 
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Fig. 3.S4. Assessment of mitochondrial redox state in wild-type cells and in 
fission mutants using mito-roGFP. A) mito-roGFP1 was used to visualize 
redox state of mitochondria in wild-type and dnm1∆ cells. Wide-field z-series 
were collected through the entire cell at 0.3-µm intervals and deconvolved using 
a constrained iterative restoration algorithm with the following parameters: 
507nm emission wavelength, 60 iterations, 100% confidence limit. Wild-type cells 
treated with 5mM H2O2 or 5mM DTT for 30 min shaking at room temperature 
were used as controls for oxidized and reduced mitochondria, respectively. 
Images are reduced:oxidized mito-roGFP1 ratios superimposed on phase 
images. Color scale indicates ratio values; higher numbers and warmer colors 
indicate more reducing mitochondria. Scale bar, 1µm. B) Notched dot box plot of 
the average reduced:oxidized mito-roGFP1 ratio in wild-type, dnm1∆, H2O2 
treated, and DTT treated cells. *** = p-value < 0.001 based on non-parametric 
Kruskal-Wallis testing with pairwise Bonferroni correction. Data is representative 
of 3 independent trials. n = 45-91 cells per strain. C) Notched dot box plot of 
average reduced:oxidized mito-roGFP1 ratio in mother cells and buds in cells 
containing large buds (bud diameter > 60% the diameter of the mother cell) in 
wild-type and dnm1∆ cells. Data are representative of 3 trials. n = 48-60 cells per 
strain. *** = p-value < 0.001 calculated by Wilcoxon signed-rank testing. 
	  
	   120	  
 
Fig. 3.S5. Overexpression of MMR1 does not affect RACF or mitochondrial 
motility. A) Expression of MMR1 was determined by western blotting in wild-type 
and MYC-MMR1 cells propagated in glucose; MYC-MMR1, wild-type, fzo1∆, and 
mgm101∆ cells with MMR1 overexpressing vectors propagated in glucose; and 
wild-type, dnm1∆, and dnm1∆ fzo1∆ cells with MMR1 overexpressing vectors 
propagated in glycerol. Top panel: MYC-tagged Mmr1p at ~55 kDa; middle 
panel: 2,2,2-Trichloroethanol (TCE) staining of total protein as a loading control. 
Bottom panel: quantification of the fold change in MMR1 expression compared to 
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MYC-MMR1 cells. Data represents average and error bars represent SEM of four 
independent trials. B) Frequency of mitochondrial motility events was measured 
in wild-type and MMR1-overexpressing cells. Data is represented as the 
proportion of cells in a 100x field of view displaying a motility event. n = 20-22 
imaging fields per strain with approximately 10-30 cells per imaging field. Data is 
pooled over 3 independent trials. Error bars represent SEM. Chi-Square analysis 
showed p-value = 0.09. C) Notched dot box plots of velocities of anterograde (top 
panel) and retrograde (bottom panel) mitochondrial movements in wild-type cells 
with or without MMR1 overexpression. Data is pooled from 3 independent trials. 
n = 37-45 cells per strain. E) Movement of actin cables was visualized in wild-
type cells with or without MMR1 overexpression as described in Materials and 
Methods. Time-lapse imaging of GFP-tagged Abp140p was performed in a single 
plane ~0.5-1 µm above the mid-plane of the cell for 10s at ~0.5-s intervals. E) 
Velocity of RACF was measured by following the retrograde movement of a 
cable or a fiduciary mark along an actin cable as previously described (23). 
Notched dot box plot shows RACF in wild-type cells with or without MMR1 
overexpression. Data is pooled from 3 independent trials. n = 42-49 cells per 
strain.  
 
Purpose 
Forward Primer Reverse Primer 
Forward 
Sequencin
g Primer 
Reverse 
Sequencin
g Primer 
dnm1∆ 
TTAAGTAGCTACCAG
CGAATCTAAATACGA
CGGATAAAGATGCA
GGTCGACAACCCTT
AAT 
CAATGTTGAAGTAAG
ATCAAAAATGAGATG
AATTATGCAAGCAGC
GTACGGATATCACCT
A 
CCTTTAC
TCTACTG
CTCAGGT
TGG 
GAATGGA
GAGGAGA
GCACATT
TG 
fzo1∆ 
GATATCACGGATAG
AGGCAAAACGGTAG
GCTCATTTAACGTGC
AGGTCGACAACCCT
TAAT 
TATATTGATTTGAAA
AGACCTCATATATTT
ACAAGAATATGCAG
CGTACGGATATCAC
CTA 
GACGGAC
GATGCAT
TATTGAA
AC 
GCTCATT
TTTCGTT
CCGTTTC
CG 
mgm101
∆ 
CTAAAAAAGGAAAGA
AAGGACAAGTAGGA
AGATCAGCGTACGT
GCAGGTCGACAACC
CTTAAT 
ATATACTTACTAAAA
TTAGCTTATATGGTT
CGCATATTGAGCAG
CGTACGGATATCAC
CTA 
CGAAATT
TATCGAC
AGAATAA
TGG 
GTACTGA
CACTACG
CACTACC 
Table 3.S1: Primers to delete genes using LEU2 
 
Strains Genotype Source 
BY4741 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 Open Biosystems 
RHY025 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 [pmito-
roGFP1:URA3] 
(10)(10)(10)  
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RHY050 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 ABP140-
GFP(S65T)-KanMX-6 
(10) 
RHY116 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 CIT1-
GFP(S65T)-HIS3 
This study 
RHY172 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 dnm1∆::LEU2 This study 
RHY184 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 dnm1∆::LEU2 
[pmito-roGFP1:URA3] 
This study 
RHY189 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 fzo1∆::LEU2 This study 
RHY190 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 
mgm101∆::LEU2  
This study 
RHY191 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 
mgm101∆::LEU2   CIT1-GFP(S65T)-HIS3 
This study 
RHY192 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 dnm1∆::LEU2   
CIT1-GFP(S65T)-HIS3 
This study 
RHY194 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 fzo1∆::LEU2   
CIT1-GFP(S65T)-HIS3 
This study 
RHY236 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 TOM70-
yEpolylinker-mCherry-hphMX4 
This study 
RHY238 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 dnm1∆::LEU2 
TOM70-yEpolylinker-mCherry-hphMX4 
This study 
 
RHY240 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 
mgm101∆::LEU2 TOM70-yEpolylinker-mCherry-
hphMX4 
This study 
RHY242 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 fzo1∆::LEU2 
TOM70-yEpolylinker-mCherry-hphMX4 
This study 
 
RHY250 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 dnm1∆::LEU2 
fzo1∆::KanMX-6 TOM70-yEpolylinker-mCherry-
hphMX4 
This study 
RHY252 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 dnm1∆::LEU2 
fzo1∆::KanMX-6 
This study 
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RHY253 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 dnm1∆::LEU2 
fzo1∆::KanMX-6 CIT1-GFP(S65T)-HIS3 
This study 
RHY254 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 dnm1∆::LEU2 
fzo1∆::KanMX-6 TOM70-yEpolylinker-mCherry-
hphMX4 rho0 
This study 
RHY257 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 dnm1∆::LEU2 
fzo1∆::KanMX-6 rho0 
This study 
RHY258 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 dnm1∆::LEU2 
fzo1∆::KanMX-6 CIT1-GFP(S65T)-HIS3 rho0 
This study 
RHY259 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 dnm1∆::LEU2 
fzo1∆::KanMX-6 [pmito-roGFP1:URA3] 
This study 
RHY273 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 13MYC-MMR1 This study 
RHY341 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 13MYC-MMR1 
[p416-TEF-13MYC-MMR1:URA3] 
This study 
RHY 
342 
MATa his3∆1 leu2∆0 met15∆0 ura3∆0 13MYC-MMR1 
CIT1-GFP(S65T)-HIS3 [p416-TEF-13MYC-
MMR1:URA3] 
This study 
RHY343 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 
mgm101∆::LEU2 CIT1-GFP(S65T)-HIS3 [p416-TEF-
13MYC-MMR1:URA3] 
This study 
RHY344 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 fzo1∆::LEU2 
CIT1-GFP(S65T)-HIS3 [p416-TEF-13MYC-
MMR1:URA3] 
This study 
RHY345  MATa his3∆1 leu2∆0 met15∆0 ura3∆0 dnm1∆::LEU2 
fzo1∆::KanMX-6 CIT1-GFP(S65T)-HIS3 [p416-TEF-
13MYC-MMR1:URA3] 
This study 
RHY346 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 dnm1∆::LEU2 
CIT1-GFP(S65T)-HIS3 [p416-TEF-13MYC-
MMR1:URA3] 
This study 
RHY367 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 TOM70- This study 
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yEpolylinker-mCherry-hphMX4 [p416-TEF-13MYC-
MMR1:URA3] 
RHY368 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 fzo1∆::KanMX-
6 TOM70-yEpolylinker-mCherry-hphMX4 [p416-TEF-
13MYC-MMR1:URA3] 
This study 
RHY383 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 [p416-
TEF:URA3] 
This study 
RHY384 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 [p416-TEF-
13MYC-MMR1:URA3] 
This study 
RHY385 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 ABP140-
GFP(S65T)-KanMX-6 [p416-TEF:URA3]  
This study 
RHY386 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 ABP140-
GFP(S65T)-KanMX-6  
[p416-TEF-13MYC-MMR1:URA3] 
This study 
 
Table 3.S2: Strains used in this study 
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4.1. Abstract 
 Sirtuins have garnered much attention after the initial finding that mild 
overexpression of SIR2 enhances lifespan in yeast, while its deletion results in 
decreased lifespan. Less attention has been dedicated to factors that regulate 
Sir2p activity. Sum1p was identified as a genetic suppressor of Sir2p decades 
ago. Here, we characterized the relationship between Sum1p and Sir2p and find 
that deletion of SUM1 ameliorates multiple defects found in sir2∆ cells including 
defects in the actin cytoskeleton, mitochondrial quality, replicative lifespan, and 
cellular healthspan. 
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4.2. Introduction 
Sirtuins, a family of NAD+-dependent protein deacetylases are found in 
eukaryotes and affect processes ranging from stress response (157), energy 
metabolism (158), and longevity extension (99). The yeast sirtuin, Silent 
Information Regulator 2 (SIR2), originally described as a regulator of 
transcriptional silencing (159, 160), was the first sirtuin to be described as a 
lifespan regulator (99). Since then, many studies have linked sirtuins to lifespan 
regulation (161-163) through multiple pathways including regulation of actin and 
mitochondrial quality (10), DNA repair (99), and proteastasis (14). However, the 
field is still controversial and several groups have found that Sir2p activity is not 
correlated with lifespan (164-167). In mammals, SIRT1 has been extensively 
studied in its role in lifespan extension through calorie restriction (168-170), and 
sirtuin biology has received significant attention in diseases including diabetes, 
obesity, and neurodegeneration.  
Sirtuin activity has been shown by numerous groups to be involved in 
mitochondrial quality control in mammals (171-173). Moreover, recent work in S. 
cerevisiae established a link between Sir2p’s role in regulation lifespan regulation 
through effects on mitochondrial quality control (10). This effect is partially due to 
Sir2p’s role in maintenance of the actin cytoskeleton. However, it is still unclear 
how sirtuins exert their role in mitochondrial quality control in mammals.  
Less attention has been dedicated to identifying upstream regulators of 
sirtuins, although several studies have implicated Sum1p as a negative regulator 
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of Sir2p activity through transcriptional regulation of NAD+ biosynthetic enzymes 
(174). Sum1p was originally identified as a suppressor for Sir2p. Since SIR2 was 
known as MAR1 at the time, the gene was named Suppressor of MAR1. Loss of 
function of Sum1p results in amelioration of the defects in gene silencing and 
mating found in sir2∆ cells (175). Here, we studied whether deletion of SUM1 can 
rescue other phenotypes found in sir2∆ cells, including defects in mitochondrial 
quality, cytoskeletal integrity, and cellular lifespan. 
 
4.3. Results 
 
4.3.1. Deletion of SUM1 rescues defects in actin cytoskeletal integrity. 
 Sir2p function is necessary for proper maintenance of the actin 
cytoskeleton. Deletion of SIR2 results in depolarization of the actin cytoskeleton, 
a significant decrease in actin cable count, and defects in actin protein folding 
(10, 14). We confirmed that deletion of SIR2 results in a significant decline in 
actin cable count and a decrease in actin content within actin cables (Fig. 4.1A-
B), while its overexpression of SIR2 has the opposite effect (Fig. 4.S1). More 
importantly, we find that deletion of SUM1 in sir2∆ cells results in an increase in 
actin cable abundant to levels slightly higher than those observed in wild-type 
cells, consistent with previous findings that deletion of SUM1 rescues defects in 
mating in sir2∆ cells (175). However, deletion of SUM1 does not increase actin 
cable count beyond that found in SIR2 overexpressing cells. These findings 
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suggest that Sir2p and Sum1p mediate actin cytoskeletal integrity through similar 
mechanisms (Fig. 4.S1). 
 To measure actin polarity, we measured the number of actin patches in 
the mother cell. Actin patches are endocytic vesicles coated with actin filaments, 
are primarily found in the bud during polarized yeast cell division. Mislocalization 
of actin  patches to mother cells is indicative of loss of polarity in the actin 
cytoskeleton (176). sir2∆ cells have a severe defect in actin polarity indicated by 
the mislocalization of actin patches to the mother cell. This polarity defect is 
ameliorated by the deletion of SUM1 (Fig.4.1C).  
 
Fig. 4.1. Deletion of SUM1 suppresses defects in cytoskeletal integrity of 
sir2∆ cells. A) Wild-type, sum1∆, sir2∆, and sir2∆ sum1∆ cells were stained with 
rhodamine-phalloidin as described in Materials and Methods. Scale bar 
represents 1 µm. Outlines were drawn from phase images. B) Notched dot box 
plot of the number of polarized actin cables spanning greater than half the 
distance of the mother cell. The central band in the box represents the median, 
boxes indicate the middle quartiles, whiskers extend to the 5th and 95th  
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 (Fig. 4.1. continued) percentiles, and red points indicate outliers (defined as 
quartile ± 1.5x the interquartile range). n = 45-62 cells per strain. Data is 
representative of 3 independent trials. ** = p < 0.01, *** = p < 0.001. p values 
were calculated using Kruskal-Wallis testing. C) Notched dot box plot of the 
number of actin patches in the mother cell. n = 45-62 cells per strain. Data is 
representative of 3 independent trials. *** = p < 0.001. p values were calculated 
using Kruskal-Wallis testing. 
 
4.3.2. Deletion of SUM1 rescues mitochondrial function and cellular 
lifespan in sir2∆ cells.  
 Recent work from our laboratory identified a novel role for Sir2p in 
regulation of retrograde actin cable flow (RACF) (10), treadmilling of actin cables 
from bud to mother cells driven by myosin motors and actin cable assembly and 
elongation (23). Moreover, RACF mediated by Sir2p plays a pivotal role in 
mitochondrial quality control by serving as a filter to prevent low functioning 
functional mitochondria from entering the daughter cell during cell division. 
Because deletion of SUM1 rescues actin cytoskeletal integrity in sir2∆ cells, we 
next investigated whether these changes also rescue mitochondrial function. 
  We measured mitochondrial function by two criteria: 1) mitochondrial 
redox state and 2) mitochondrial motility. Mitochondrial redox state was 
measured using mitochondria-targeted redox-sensing GFP1 (mito-roGFP1), 
which contains two surface-exposed cysteines. Oxidation or reduction of the 
cysteines occurs in response to the redox state of the environment and alters the 
excitation spectrum of roGFP1 (122). roGFP1 has been targeted to yeast 
mitochondria and its fluorescence ratios serves as an effective biosensor for 
mitochondrial redox state where higher ratios indicate a more reducing 
environment (123).  
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 Consistent with previous findings, sir2∆ cells have a significant decline in 
mitochondrial function as measured by more oxidizing environments and 
decreased anterograde and retrograde mitochondrial velocities (Fig. 4.2), while 
cells overexpressing SIR2 have the opposite effect (Fig. 4.S2). More importantly, 
we find that deletion of SUM1 in sir2∆ cells results in complete rescue of 
mitochondrial redox state and mitochondrial motility to wild-type levels. 
Additionally, we find that sum1∆ cells have fitter mitochondria characterized by 
more reducing environments and increased velocities of retrograde and 
anterograde mitochondrial movements compared to those of mitochondria in 
wild-type cells. These data provide further evidence that there exists a link 
between cytoskeletal integrity and mitochondrial function and that deletion of 
SUM1 rescues defects of their maintenance found in sir2∆ cells.  
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Fig. 4.2. Deletion of SUM1 ameliorates defects in mitochondrial function in 
sir2∆ cells. A) mito-roGFP1 was used to visualize redox state of mitochondria in 
wild-type, sum1∆, sir2∆, and sir2∆ sum1∆ cells. Images are reduced:oxidized 
mito-roGFP1 ratios overlaid on phase images. Higher numbers and warmer 
colors indicate more reducing mitochondria. Scale bar, 1 µm.  B) Notched dot 
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(Fig. 4.2. continued) box plot of the average reduced:oxidized mito-roGFP1 ratio 
in wild-type, sum1∆, sir2∆, and sir2∆ sum1∆ cells. n = 53-77 cells per strain. Data 
is representative of 3 independent trials. C) Still frames of time-lapse series 
showing Cit1p-GFP-labelled mitochondria illustrating the tip of a mitochondrial 
tubule undergoing anterograde movement. D) Notched dot box plot of 
anterograde mitochondrial movement in wild-type, sum1∆, sir2∆, and sir2∆ 
sum1∆ cells. n = 48-54 cells per strain. Data is pooled from 3 independent trials. 
E) Still frames of time-lapse series showing mito-roGFP1-labelled mitochondria 
illustrating the tip of a mitochondrial tubule undergoing retrograde movement. F) 
Notched dot box plot of retrograde mitochondrial movement in wild-type, sum1∆, 
sir2∆, and sir2∆ sum1∆ cells. n = 48-54 cells per strain. Data is pooled from 3 
independent trials. * = p < 0.05, ** = p < 0.01, *** = p < 0.001. p values were 
calculated using Kruskal-Wallis testing. Bars: 1µm. Cell outlines are shown in 
white. 
 
 Consistent with effects on the actin cytoskeleton, we find that deletion of 
SUM1 does not promote mitochondrial quality in cells overexpressing SIR2. The 
lack of an additive effect on mitochondrial fitness provides further evidence that 
Sir2p and Sum1p function in similar mechanistic pathways to exert control on the 
actin cytoskeleton and mitochondria.  
 We next determined whether the rescue in mitochondrial quality is 
physiologically relevant to cellular health and lifespan. Two distinct forms of 
cellular aging are studied in yeast: chronological lifespan, the survival time of 
non-dividing yeast in a saturated culture is a model for stress resistance in post-
mitotic cells. Replicative lifespan (RLS) is a model for aging of division-competent 
cells and is measured as the number of times a cell can divide prior to 
senescence. First, we find that deletion of SUM1 results in a decrease in RLS. 
Moreover, we found that the decrease in RLS produced by deletion of SIR2 is 
partially suppressed by deletion of SUM1 (Fig. 4.3A). Intriguingly, RLS is not fully 
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rescued to wild-type levels in sir2∆ sum1∆ yeast, but is similar to the slightly 
lower RLS of sum1∆ cells.  
 Cellular health in yeast is measured by mean generation time, which 
increases as the cell ages (126). Interestingly, although deletion of SUM1 results 
in a decrease in RLS, it does not result in a decrease in health span: the mean 
generation time of sum1∆ cells is indistinguishable from that observed in wild-
type cells. We confirmed that deletion of SIR2 results in a significant increase in 
generation time, even during young age (Fig4.3B). Moreover, we find that the 
decreased healthspan produced by deletion of SIR2 is ameliorated by deletion of 
SUM1.  
 
Fig. 4.3. Deletion of SUM1 rescues defects in replicative lifespan and 
cellular healthspan of sir2∆ cells. A) Replicative lifespans of wild-type, sir2∆, 
sum1∆, and sir2∆sum1∆ cells were determined as described in Materials and 
Methods. E) Mean generation time was determined during the replicative lifespan 
assay by recording the time between emergence of consecutive buds from the 
same mother cell. Error bars represent SEM. n = 40 cells per strain. Data is 
representative of two independent trials.  
 
 
4.3.3. Deletion of SUM1 results in defects in microtubule organization.  
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 Yet to be determined is why sum1∆ cells have a slightly shortened 
lifespan compared to wild-type cells, despite increased actin cytoskeletal integrity 
and mitochondrial fitness. Previous reports have shown that a mild 
overexpression of SIR2 results in increased RLS through effects on cytoskeletal 
and mitochondrial function (10). However, sum1∆ cells have enhanced SIR2 
activity (174) and mimic SIR2 overexpressing cells in cytoskeletal and 
mitochondrial quality, but do not have an extended lifespan. Thus, it is possible 
that Sum1p functions in still unidentified, Sir2p-independent pathways that affect 
RLS.  
 Sirtuins have been shown to deacetylate and destabilize microtubules 
during advanced aging in mammalian cells (177). In addition, several reports 
have suggested a role for Sum1p in regulation of the microtubule cytoskeleton 
(178, 179). Specifically, overexpression of SUM1 enhances microtubule stability 
while deletion has the opposite effect (178). Therefore, we studied the possible 
role of Sir2p and Sum1p in microtubule stability. To do so, we studied the 
sensitivity of sir2∆ cells to treatment with two microtubule destabilizing 
treatments: exposure to cold and to nocodazole, an agent that inhibits 
microtubule polymerization. Unexpectedly, we see a significant increase in 
microtubule stability in sir2∆ cells both under conditions of nocodazole and cold 
treatment (Fig. 4.4). In contrast to wild-type cells were nocodazole treatment 
results in 83% loss of spindles, we observe a 41% loss of spindles in 
nocodazole-treated sir2∆ cells. The cold treatment used in these studies does 
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not result in loss of spindles. However, it does result in a decrease in spindle 
length in wild-type cells but not in sir2∆ cells.  
We also find that deletion of SUM1 affects microtubules. Spindle length in 
sum1∆ cells that are not exposed to microtubule destabilization is significantly 
shorter compared to that observed in wild-type cells. Consistent with this, 
deletion of SUM1 results in increased sensitivity of microtubules to nocodazole 
and cold treatment. sum1∆ cells have no detectable microtubules under 
nocodazole treatment conditions, and significantly shorter spindles compared to 
wild-type and sir2∆ cells under cold treatment. Finally, spindle length and 
microtubule stability in sum1∆ sir2∆ cells are more similar to sum1∆ cells than to 
wild-type cells, again suggesting that the effects of sum1∆ mask the effects of 
sir2∆.  
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Fig. 4.4. Deletion of SUM1 increases sensitivity to microtubule destabilizing 
conditions and deletion of SIR2 has the opposite effect. A) Microtubules 
were imaged by ectopically expressing TUB1-GFP in the chromosomal locus at 
the LEU2 site in addition to endogenous TUB1 expression. Images are GFP 
fluorescence overlaid on phase images for wild-type, sir2∆, sum1∆, and sir2∆ 
sum1∆ cells treated with 0.5% DMSO or 5 µg/mL nocodazole for 2 hours prior to 
imaging. Scale bar represents 1 µm. B) Quantification of the % of cells with 
spindles in sir2∆, sum1∆, and sir2∆ sum1∆ cells treated with 0.5% DMSO or 5 
µg/mL nocodazole for 2 hours. n = 84-143 cells per strain. Here, linear, 
microtubule-containing structures that cross the bud neck were scored as 
spindles. Data is representative of 2 independent trials. C) Representative 
images of sir2∆, sum1∆, and sir2∆ sum1∆ cells grown to mid-log, then shifted to 
14°C or maintained at 30°C for 18 hours prior to imaging. Scale bar represents 1 
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(Fig. 4.4. continued) µm. Cell outlines were drawn from phase images. D) 
Quantification of the % of cells with spindles in sir2∆, sum1∆, and sir2∆ sum1∆ 
cells grown at 14°C or 30°C. n = 89-149 cells per strain. Data is representative of 
2 independent trials. E) Notched dot box plot of the lengths of spindle 
microtubules normalized to the length of the mother-bud axis for sir2∆, sum1∆, 
and sir2∆ sum1∆ cells. *** = p-value < 0.001. p values were calculated using 
Kruskal-Wallis testing. n = 35-77. Data is representative of 2 independent trials.  
 
 
4.4. Discussion. 
Our previous studies revealed that deletion of SIR2 results in a decrease 
in actin cable abundance and reduced rates of retrograde actin cable flow 
(RACF), which in turn results in defects in inheritance of less fit mitochondria by 
yeast daughter cells and reduced cellular healthspan (10). Other studies 
revealed that loss of function of SUM1 rescues defects in mating found in sir2∆ 
cells (175). Here, we report that deletion of SUM1 also ameliorates defects in 
actin cytoskeletal integrity, mitochondrial quality, and lifespan characteristic of 
sir2∆ cells.  
 We find that deletion of SUM1 results in an increase in actin cable 
abundance and deletion of SUM1 in sir2∆ cells restores the defects in actin 
polarity and actin cable abundance that occur in sir2∆ cells to wild-type levels. 
Since deletion of SUM1 alone results in increased actin cable count, it was 
possible that Sum1p and Sir2p work in independent, antagonistic pathways 
regulating actin cytoskeletal integrity, and the double knockout had an 
intermediate phenotype. To address this concern, we studied the effect of 
deletion of SUM1 in SIR2 overexpressing cells. Our previous studies revealed 
that mild overexpression of SIR2 results in an increase in actin cable abundance 
(10). Indeed actin cable abundance in SIR2 overexpressing cells is similar to that 
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found in sum1∆ cells, but less than that observed by overexpression of Tpm1p, a 
tropomyosin isoform that stabilizes actin cables (data no shown). Moreover, we 
find that overexpression of SIR2 and deletion of SUM1 does not have an additive 
effect on actin cable abundance. Thus, our findings indicate that Sum1p and 
Sirt2p affect the actin cytoskeleton through the same pathway.  
 We next assessed mitochondrial fitness and function by measuring redox 
state and mitochondrial motility. Earlier studies revealed a link between actin 
cytoskeletal integrity with quality control of mitochondria (10). Here, we find that 
sum1∆ cells have more reducing mitochondria and higher velocities of 
mitochondrial motility, and that mild overexpression of SIR2 does not promote 
mitochondrial redox state or motility to levels beyond those observed in sum1∆ 
cells. Moreover, we find that deletion of SUM1 in sir2∆ cells restores 
mitochondrial redox state and the velocity of anterograde and retrograrde 
mitochondrial motility to wild-type levels. These data provide further evidence 
that quality control mechanisms for maintenance of the actin cytoskeleton and 
mitochondria are closely related and that Sum1p effect on these processes are 
though its effects on Sir2p. 
Interestingly, we find that sum1∆ cells have a slightly decreased 
replicative lifespan compared to wild-type cells, despite having increased actin 
cable count and higher mitochondrial quality. This may be due to the pleiotropic 
effects of SUM1 deletion. Indeed we find that consistent with previous reports, 
deletion of SUM1 results in a significant decrease in microtubule stability (178, 
179). Moreover, this phenotype masks the increased stability of microtubule 
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integrity found in sir2∆ cells. It is possible that the decline in microtubule stability 
and function contributes to the lifespan defects found in sum1∆ cells. Indeed 
microtubule dysfunction has been implicated in advanced aging models, such as 
neurodegeneration (180, 181). 
Finally, we find that  deletion of SUM1 rescues defects in replicative 
lifespan and cellular healthspan seen in sir2∆ cells. That is, the RLS of sum1∆ 
sir2∆ yeast is increased to that of sum1∆ cells. Thus, we idenitified a novel role 
for Sum1p in lifespan control, through its function as a suppressor of Sir2p. 
Ongoing studies focus on the mechanism underlying Sum1p function as a 
suppressor of Sir2p. 
 
4.5. Materials and Methods 
 
Yeast Growth Conditions 
Yeast cells were cultivated and manipulated as previously described (128) 
and are derivatives of the BY4741 strain (MATa his3∆1 leu2∆0 met15∆0 ura3∆0) 
from Open Biosystems (Huntsville, AL). All experiments were carried out with 
cultures grown to mid-log phase (OD600 0.1-0.3) unless otherwise noted. For all 
imaging studies, synthetic complete (SC) media was used with dropouts where 
needed. For all non-imaging studies, rich, glucose-based medium (yeast-
peptone-dextrose, YPD) was used for strains not requiring selection and SC with 
corresponding dropouts was used for strains requiring selection.  
 
Yeast strain construction 
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Knockout strains (Table 4.S1) were created by replacing the gene of 
interest with LEU2 or KanMX6 cassettes using primers listed in Table 4.S2. 
BY4741 strains were transformed using the lithium acetate method with a PCR 
product containing the coding regions of the selection marker and sequences 
directly upstream of the start codon and downstream of the stop codon of the 
gene being knocked out. The LEU2 auxotrophic selection marker was removed 
from strain RHY117 (MATa his3∆1 leu2∆0 met15∆0 ura3∆0 SIR2-3HA-kanMX6 
sum1∆::0 sir2∆::KanMX6) using a galactose-inducible cre recombinase on 
plasmid pSH62 (Euroscarf, University of Frankfurt) and inducing for 4 hrs at 30°C 
in media containing galactose. Excision of LEU2 was confirmed by failure to grow 
on SC-Leu media.   
 
Visualization of the actin cytoskeleton with Rhodamine-Phalloidin. 
 Cells were grown to mid-log phase in SC with dropouts where needed and 
fixed by incubation in 3.7% paraformaldehyde added directly to the growth 
medium at 30°C shaking for 50 min. Fixed cells were washed with wash solution 
(0.025M KPi pH 7.5, 0.8M KCl) three times and with PBT (PBS containing 1% 
w/v BSA, 0.1% v/v Triton X-100, 0.1% w/v sodium azide) once. Actin was stained 
with 1.65 µM rhodamine-phalloidin in PBT (Molecular Probes, Eugene, OR) for 
35 min at RT in the dark. Cells were then washed three times with PBS, 
resuspended in mounting solution (0.1% w/v p-phenylenediamine and 90% v/v 
glycerol in PBS) and mounted on microscope slides for visualization. 
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 Fluorescence microscopy was performed on a Zeiss AxioObserver.Zq 
microscope (Carl Zeiss Inc., Thornwood, NY) equipped with a metal halide lamp, 
standard rhodamine filter (Zeiss filter set 43 HE; excitation 550/25, dichroic FT 
570, emission 605/70) and an Orca ER cooled CCD camera (Hamamatsu 
Photonics, Bridgewater, NJ) and driven by Axiovision software (Carl Zeiss Inc., 
Thornwood, NY). Z-series were collected through the entire cell at 0.3 µm 
intervals using 1x1 binning, 50 ms exposure, and analog gain at 216. Images 
were deconvolved using a constrained iterative restoration algorithm (Volocity, 
Perkin-Elmer, Waltham, MA) with the following parameters: 620 nm excitation 
wavelength, 60 iterations, and 100% confidence interval. Cells with small and 
medium-sized buds (0.20 to 0.60 bud to mother diameter ratio) were selected for 
quantification of actin cables and patches in the mother cell. Actin cables were 
scored as number of actin cables parallel to the mother-bud axis spanning 
minimally half of the mother cell diameter.  
 
Measurement of redox state using mito-roGFP1. 
 mito-roGFP1 was expressed from a centromeric plasmid containing the 
mitochondrial targeting sequence of ATP9 fused to roGFP1 (4). Strains 
expressing mito-roGFP1 were grown to mid-log phase and 1.5 µL of cell 
suspension was applied to a microscope slide, covered with a cover slip, and 
imaged immediately for a maximum of 15 min. mito-roGFP1 was imaged on a 
Zeiss AxioObserver.Z1 microscope (Carl Zeiss Inc., Thornwood, NY) equipped 
with a metal halide lamp, moodified GFP filter (Zeiss filter set 46 HE with 
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excitation filter removed, dichroic FT 515, emission 635/30) and an Orca ER 
cooled CCD camera (Hamamatsu Photonics, Bridgewater, NJ) and driven by 
Axiovision software (Carl Zeiss Inc., Thornwood, NY). Z-series were collected 
through the entire cell at 0.3 µm intervals using 1x1 binning, 365 nm LED at 25% 
power with 100 ms exposure time for oxidized form and 470 nm LED at 100% 
power with 100 ms exposure time for reduced form, with analog gain at 216. 
Images were deconvolved using a constrained iterative restoration algorithm with 
the following parameters: 507 nm excitation wavelength, 60 iterations over 100% 
confidence. For quantification of redox state, volocity software with background 
selection and thresholding steps was used.  
 
Analysis of velocity of mitochondrial movement. 
 For time-lapse imaging of mitochondria, mito-roGFP1 was excited only at 
470 nm in a single plane at the center of the mother cell at 1 sec intervals for a 
total of 30 sec using 1x1 binning, 75 ms exposure, and analog gain of 216. The 
change in position of the tip of a mitochondrial tubule was recorded as a function 
of time. Mitochondrial movement was scored as those having three or more 
consecutive movements in the same direction. Image enhancement and analysis 
were performed using Volocity software. 
 
Determination of replicative lifespan and generation time.  
Replicative lifespan measurements were performed on YPD plates at 
30°C. Single colonies of each yeast strain were suspended in liquid YPD and 
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grown at 30°C with shaking to mid-log phase. A 2 µL aliquot of cell suspension 
was applied to a YPD plate. Small-budded cells were isolated and arranged in a 
matrix using a micromanipulator mounted on a dissecting microscope (Zeiss, 
Thronwood, NY), and after the initial cell division, mother cells were removed and 
discarded. The remaining daughter cells were named virgin mother cells, and 
after each successive replication, daughter cells were removed and counted until 
the virgin mother cell research senescence. The time between each successive 
replication was also recorded to quantify mean generation time. Replicative 
lifespan measurements were done without pause (and required a state of total 
awareness, unagi) and plates were never moved to 4°C for storage due to the 
cold-sensitive nature of the sum1∆ cells. 
 
Imaging of microtubules using TUB1-GFP. 
TUB1-GFP was ectopically expressed by insertion at the chromosomal 
locus of LEU2 by transformation with DNA from the plasmid pTS988 (T. Stearns, 
Stanford University) digested with the restriction enzyme XbaI (New England 
BioLabs, Ipswich, MA). The resulting integration encodes Tub1p-GFP protein 
under the control of the TUB1 promoter, which is expressed in addition to the 
endogenous TUB1 gene. This allows visualization of microtubules without 
disrupting its function (182).  
Fluorescence microscopy was performed on a Nikon E600 microscope 
(Nikon USA, Melville, NY) using a Plan-Apochromat 100x, 1.4 NA objective lens, 
and a cooled CCD camera (Orca-ER, Hamamatsu, Bridgewater, NJ). Illumination 
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was performed with a 100W mercury arc lamp with a standard GFP filter. 
Hardware control and image analysis were performed using Volocity software 
(Volocity, Perkin-Elmer, Waltham, MA). Z-series were collected through the 
entire cell at 0.3 µm intervals using 1x1 binning and 200 ms exposure and 
deconvolved using a constrained iterative restoration algorithm with the following 
parameters: 507 nm excitation wavelength, 60 iterations over 100% confidence 
(Volocity, Perkin-Elmer, Waltham, MA).  
For nocodazole experiments, cells were grown to mid-log and shifted to 
media containing 0.5% DMSO or 5 µg/ml nocodazole for 2 hrs shaking at 30°C. 
For cold treatment, cells were grown to mid-log phase and maintained at mid-log 
for 18 hours at either 30°C or 14°C. Cells were imaged immediately after 
treatment. 
 
Other methods 
 All non-parametric statistical testing and production of box plots were 
performed using the Analyze-it add-on for Microsoft Excel.  
 RNA isolation was performed as per manufacturer’s guide using a Qiagen 
RNeasy Mini Kit (#74104, Qiagen, Germantown, MD). RNA quality was assessed 
and RNA Integrity Number (RIN) scores were all above 10 using a Plant RNA 
Nano chip. RNA-seq was performed on an Illumina HiSeq2000 generating 200m 
100 bp single end reads per lane, and differential gene expression between wild-
type and sum1∆ cells were performed by the Columbia Genome Center. Data 
was organized into gene ontology (GO) terms using Saccharomyes Genome 
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Database’s GO Annotation algorithm. REVIGO was used to remove redundant 
GO terms and group-related GO terms in semantic similarity-based scatterplots 
(183).  
 
4.6. Supplemental Information 
Fig. 4.S1. Overexpression of SIR2 and deletion of SUM1 have 
complementary roles in regulation of actin cytoskeletal integrity. A) Wild-
type, sum1∆, SIR2 overexpressing (SIR2 o/e), and sum1∆ SIR2 o/e cells were 
stained with rhodamine-phalloidin as described in Materials and Methods. Scale 
bar represents 1 µm. Outlines were drawn from phase images. B) Notched dot 
box plot of the number of actin cables in wild-type, sum1∆, SIR2 o/e, and sum1∆ 
SIR2 o/e cells. C) Number of actin patches in the mother cell of wild-type, 
sum1∆, SIR2 o/e, and sum1∆ SIR2 o/e cells. n = 56-69 cells per strain. Data is 
representative of 2 independent trials. ** = p < 0.01, *** = p < 0.001. p values 
were calculated using Kruskal-Wallis testing. 
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Fig. 4.S2. Overexpression of SIR2 and deletion of SUM1 have 
complementary roles in regulation of mitochondrial quality and function. A) 
Reduced:oxidized mito-roGFP1 ratios overlaid on phase images for wild-type, 
sum1∆, SIR2 o/e, and sum1∆ SIR2 o/e cells. Higher numbers and warmer colors 
indicate more reducing mitochondria. Scale bar, 1 µm. B) Notched dot box plot of 
the average reduced:oxidized mito-roGFP1 ratio in wild-type, sum1∆, SIR2 o/e, 
and sum1∆ SIR2 o/e cells. n = 53-66 cells per strain. Data is representative of 2 
independent trials. C-D) Notched dot box plot of anterograde and retrograde 
mitochondrial movements for wild-type, sum1∆, SIR2 o/e, and sum1∆ SIR2 o/e 
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cells. n = 43-54 cells per strain. Data is pooled form 3 independent trials. * = p < 
0.05, ** = p < 0.01, *** = p < 0.001. p values were calculated using Kruskal-Wallis 
testing. Bars: 1µm. Cell outlines are shown in white. 
 
Strains Genotype Source 
BY4741 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 Open 
Biosystems 
RHY009 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 sir2∆::LEU2 (10) 
RHY010 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 sir2∆::LEU2 [pmito-
roGFP1:URA3] 
(10) 
RHY016 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 SIR2-3HA-kanMX6 
sum1∆::LEU2 
This study 
RHY018 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 SIR2-3HA-kanMX6 
sum1∆::LEU2 [pmito-roGFP1:URA3] 
This study 
RHY025 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 [pmito-roGFP1:URA3] (10) 
RHY031 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 SIR2-3HA-kanMX6 
[pmito-roGFP1:URA3] [pRS413-SIR2-3HA:HIS3] 
(10) 
RHY036 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 SIR2-3HA-kanMX6 
sum1∆::LEU2 sir2∆::kanMX6 [pmito-roGFP1:URA3] 
This study 
RHY099 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 SIR2-3HA-kanMX6 
sum1∆::LEU2 [pRS413-SIR2-3HA:HIS3]  
This study 
RHY 
104 
MATa his3∆1 leu2∆0 met15∆0 ura3∆0 SIR2-3HA-kanMX6 
sum1∆::LEU2 [pRS413-SIR2-3HA:HIS3] [pmito-
roGFP1:URA3] 
This study 
RHY117 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 SIR2-3HA-kanMX6 
sum1∆::0 sir2∆::KanMX6 
This study 
RHY124 MATa his3∆1 leu2∆TUB1-GFP::LEU2 met15∆0 ura3∆0 This study 
RHY126 MATa his3∆1 leu2∆TUB1-GFP::LEU2 met15∆0 ura3∆0 
sir2∆::LEU2 
This study 
RHY128 MATa his3∆1 leu2∆TUB1-GFP::LEU2 met15∆0 ura3∆0 
SIR2-3HA-kanMX6 sum1∆::LEU2 
This study 
RHY130 MATa his3∆1 leu2∆TUB1-GFP::LEU2 met15∆0 ura3∆0 
sum1∆::0 sir2∆::KanMX6 
This study 
Table 4.S1. Strains used in this study.  
 
 
Purpose Forward 
Primer 
Reverse 
Primer 
Forward 
Sequencing 
Primer 
Reverse 
Sequencing 
Primer 
sir2∆ 
using 
KanMX6 
CCATTCTCAC
GTATTTCAAG
AAATTAGGCA
TCGCTTCGG
CGGATCCCC
GGGTTAATTA
A 
GACTACAATA
ATTGAAAGG
AAAACAAAAT
TGTTTGCCG
AATTCGAGCT
CGTTTAAAC 
AATGATTTGA
ATTTGCTGTT
CCACC 
CCAACCATG
GTCCAGGAC
AGCCAG 
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sum1∆ 
using 
LEU2 
AAGTTTCATA
CATAATTAAC
AAAATTCGTT
TGTTGCGGG
GTGCAGGTC
GACAACCCT
TAAT 
 
TTTTTATCTA
TTCTCGAAAC
TGCCCCAAC
GTACGGACC
AGCGCAGCG
TACGGATATC
ACCTA 
 
CAGCAAACA
GAG 
CACAAGGGA
CTT G 
 
GGTTACTTG
GTT 
GGGCATAGT
AAC GGTCC 
 
Table S2: List of deletion primers used in this study.   
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Chapter 5 – Summary and perspectives 
 
Higuchi-Sanabria R, Pon LA. 
 
Prepared by Higuchi-Sanabria R 
Fig. 5.1. and 5.2. adapted from Higuchi-Sanabria R, Pernice WM, Vevea JD, 
Alessi Wolken DM, Boldogh IR, and Pon LA (2014). Damage sequestration and 
organelle rejuvenation promote cellular fitness and function. FEMS Yeast. 14 (8), 
1133-1146. 
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5.1. Summary 
 Mother-daughter asymmetry is an intuitive concept in humans: babies are 
born young irrespective of the age of the mother. Intriguingly, this phenomenon 
also occurs in single-celled organisms, such as S. cerevisiae, where mother cells 
retain damaged cellular components while the daughter cell inherits the fittest 
organelles and fully functional proteins. Aging determinants, such as oxidatively 
damaged protein aggregates (49), de-acidified vacuoles (68), extrachromosomal 
rDNA circles (96), and ROS (4) are preferentially retained in the mother cells. In 
contrast, rejuvenating factors, such as antioxidant activity (14), and acidic 
vacuoles (68) are enriched in daughter cells. Among these cellular components, 
mitochondria are asymmetrically inherited, such that the daughter cell inherits 
higher functioning mitochondria characterized by higher redox state and ∆ψ (4, 
10). The work presented here provides evidence that this asymmetry is 
established by a delicate balance between anchorage and cytoskeletal 
dynamics, and is a crucial mechanism in enabling the birth of a pristine daughter 
cell.  
 
5.2. A delicate balance exists between mitochondrial anchorage and 
motility in regulation of quality and quantity control of mitochondrial 
inheritance.  
 During mitochondrial inheritance in yeast, mitochondria traffic along actin 
cables, bundles of F-actin parallel to the mother-bud axis. Since actin cables are 
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dynamic and undergo RACF, they serve as a filter to inhibit movement of 
damaged and dysfunctional mitochondria from entering the bud during 
inheritance and clearance of low-functioning mitochondria from the bud. We 
assessed the effect of altering the rate of RACF on mitochondrial function, 
replicative lifespan, and cellular healthspan (10). We also found that 
mitochondria entering the bud tip can anchor at that site through Mmr1p- and 
mitochondrial fusion-mediated events, relieving mitochondria from the pressure 
of RACF. We propose a model whereby a delicate balance of mitochondrial 
anchorage and RACF-driven movement out of the bud must be maintained to 
ensure inheritance of a critical level of high-functioning mitochondria by bud, 
which in turn contributes to mother-daughter age asymmetry. 
 
5.2.1. RACF drives inheritance of the fittest mitochondria. 
Our studies revealed that increasing the rate of RACF results in an 
increase in mitochondrial fitness. These mitochondria were more reduced and 
exhibited higher velocities of bud-directed movement compared to mitochondria 
in wild-type cells. Increasing RACF rates also promoted asymmetric inheritance 
of the organelle. Conversely, reducing the rate of RACF had the opposite effects. 
Thus, these studies revealed a role for the actin cytoskeleton in mitochondrial 
quality control and asymmetric inheritance of mitochondria, and the mechanism 
underlying these processes (Fig. 5.1). Since many cargos use actin cables for 
movement into and out of the bud, RACF may also affect the asymmetric 
distribution of other cargos. Further analysis is required to determine whether 
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RACF contributes to quality control of other cargoes, such as protein aggregates 
and vacuoles.  
Fig. 5.1. RACF and anchorage of mitochondria in the bud tip contribute to the 
asymmetric segregation of fit from less fit mitochondria during yeast cell division. 
RACF acts as a filter to prevent inheritance of less fit, dysfunctional mitochondria 
into the bud. One possible mechanism for this effect is that fitter mitochondria 
may be better able to recruit drivers of anterograde movement and can overcome 
the force of RACF and enter the bud. Therefore, only higher-functioning 
mitochondria move to the bud tip. Once they reach that site, they are anchored to 
cER in the bud tip by Mmr1p. Together, these two mechanisms generate 
asymmetry where fitter, higher-functioning mitochondria are preferentially 
inherited, while damaged, dysfunctional mitochondria are retained in the mother. 
Lighter colors indicate higher-functioning mitochondria and darker colors indicate 
lower-functioning mitochondria. 
 
Increasing the rate of RACF also results in extension of replicative lifespan 
and increased cellular healthspan (i.e. decrease in mean generation time), and 
decreasing RACF rates has the opposite effect. Moreover, increasing the rate of 
RACF does not extend lifespan in yeast bearing a deletion of mitochondrial DNA 
(mtDNA) and the associated loss of mitochondrial respiratory activity. Thus, actin 
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dynamics affects lifespan through its effects on mitochondria, providing further 
evidence that mitochondria are a bona fide aging determinant. Finally, these 
studies revealed that deletion of SIR2 results in a decrease in the rate of RACF 
and mild overexpression of SIR2 has the opposite effect. This finding, that Sir2p 
regulates RACF, raises the possibility that Sir2p controls lifespan, in part, through 
its effect on actin dynamics. 
Retrograde flow is an emerging topic of interest in mammalian cells, 
particularly in neurite growth in neurons (184-186). Indeed, retrograde actin flow 
occurs in the growth cone of developing neurites and loss or perturbation of actin 
dynamics results in defects in microtubule extension necessary for neurite 
formation (184). An ongoing question is whether retrograde flow of actin 
networks or bundles can contribute to cellular asymmetry of mitochondria and 
other cellular components in mammalian cells, similar to effects found in yeast 
cells. It is conceivable that high energy-demanding processes, such as growth 
cone extension, would require high concentrations of functional mitochondria for 
ATP production and calcium regulation at that site. 
 
5.2.2. Mitochondrial anchorage acts as a counterpart to 
mitochondrial motility to promote inheritance of mitochondria. 
Previous work identified the DSL tethering protein, Mmr1p, as a major 
contributor to mitochondrial anchorage at the bud tip (11). Our current studies 
revealed that mitochondrial fusion also contributes to accumulation of 
mitochondria at the bud tip. We also find that mitochondria entering the bud 
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during cell division can fuse to mitochondria anchored at that site to promote 
inheritance.  
Like RACF, anchorage of mitochondria in the bud tip is important for 
segregation of fit from less fit mitochondria and for maintenance of cellular health 
and lifespan. Deletion of MMR1 results in loss of anchorage of mitochondria at 
the bud tip (11). Interestingly, mmr1∆ cells exhibit both shortened and extended 
lifespan (4). Deletion of YPT11, a Rab-like protein that localizes to the bud and is 
required for anchorage of mitochondria in the bud tip, also results in generation 
of short- and long-lived cells (76). Moreover, lifespan in mmr1∆ cells correlates 
with mitochondrial function. Long-lived mmr1∆ cells contain mitochondria that are 
more reduced and therefore more fit compared to mitochondria in wild-type cells. 
Conversely, mitochondria in short-lived mmr1∆ are less fit compared to 
mitochondria in wild-type cells. Thus, while it is not clear why inhibition of 
anchorage of mitochondria in the bud tip has complex effects on lifespan, it is 
clear that loss of MMR1 overrides RACF-mediated mitochondrial quality control. 
When we overexpressed MMR1, we find that cells have a significantly 
shortened RLS. In addition, these cells have decreased mitochondrial quality and 
mitochondria in buds are not higher functioning compared to mitochondria in 
mother cells. We hypothesize that ectopic increase of mitochondrial anchorage at 
the bud tip antagonizes the RACF filter, such that the quality control mechanism 
of mother-daughter asymmetry is collapsed, and buds inheriting low-quality 
mitochondria have shortened lifespans compared to their wild-type counterpart. 
These data are consistent with findings in myo1∆ cells, where decreased RACF 
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results in loss of segregation of fit from less fit mitochondria during yeast cell 
division, and ultimately a decreased lifespan.  
Still to be determined is how RACF exerts its effects on asymmetric 
segregation of fit from less fit mitochondria. In our original studies, we proposed 
that RACF serves as a filter to prevent damaged, dysfunctional mitochondria 
from entering the daughter cells. However, it is also possible that RACF 
promotes asymmetric cell division by removing damaged, dysfunctional 
mitochondria that have entering the bud, and returning it back to the mother cell 
(Fig. 6.2). In-depth, long-term imaging of mitochondrial trafficking may be used to 
differentiate between the two potential models. We can accomplish this in several 
ways. 1) The number of mitochondria trafficking from the daughter cell back into 
the mother cell can be quantitatively compared between wild-type and MMR1 
overexpressing cells to determine whether increasing anchorage prevents 
RACF’s ability to return dysfunctional mitochondria back into the mother cell. 2) 
The number of mitochondria trafficking from the mother cell into the daughter cell 
can be quantitatively compared in myo1∆, wild-type, and tpm2∆ cells to 
determine whether altering RACF rates changes the stringency of the filters such 
that increased velocities prevents low functioning mitochondria from entering the 
bud while decreased velocities will have the opposite effect. 3) Conditional 
knockdown strains can be utilized to visually capture the event of the segregation 
of fit from less fit mitochondria between daughter and mother cells when TPM2 is 
lost.  
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Fig. 5.2. Removal of damaged mitochondria from the daughter cell via 
RACF. An alternative model for RACF-mediated asymmetric segregation of fit 
from less fit mitochondria. Here, a dysfunctional mitochondria inherited by the 
daughter cell is being removed and returned to the mother cell where it can be 
sequestered and retained. This model may work either in synergy or 
independently of our previously proposed model of RACF serving as a filter to 
prevent inheritance of damaged mitochondria by the daughter cell.  
 
 Another ongoing question is whether higher eukaryotes and mammalian 
cells employ similar mechanisms to produce subcellular regions with higher 
functioning mitochondria. For example, mitochondria is trafficked to the 
immunological synapse in T-cells and at neuronal synapses to support high-
energy demands at these local sites (187, 188). Further studies can explore 
whether these sites involve mechanisms to anchor mitochondria at the site and 
whether there is preferential retention of higher functioning mitochondria at the 
site.   
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5.3. Mitochondrial fusion and fission in mitochondrial quality control. 
Mitochondria are dynamic organelles that undergo fusion and fission 
cycles mediated by the fusion machinery comprised of Fzo1p, Mgm1p, and 
Ugo1p; and the fission machinery comprised of Dnm1p and Mdm33p (89). 
Specifically, Fzo1p mediates fusion of the outer membrane (83), Mgm1p 
mediated fusion of the inner membrane (84), and their efforts are concerted 
through the effect of Ugo1p, which interacts directly with Fzo1p and Mgm1p (85). 
For fission, Dnm1p is recruited from the cytosol by Fis1p and Mdv1p (86, 87) and 
assembles into a helical structure, which constricts around the organelle (88). 
Whether a separate inner membrane fission machinery is essential is 
controversial, although Mdm33p has been studied as a promising candidate 
(189).  
We found that loss of fission by deletion of DNM1 results in increased 
mitochondrial ∆ψ. This finding is consistent with the finding that deletion of DNM1 
promotes lifespan extension in yeast (146). While the mechanism remains 
unclear, it may potentially be due to the delay of the transformation of 
filamentous mitochondria to punctate mitochondria seen in advanced aging (68, 
146). However, it is clear that there exists a need for a balance of mitochondrial 
fusion and fission, as unopposed fission can shorten lifespan (190), and loss of 
both fusion and fission simultaneously results in multiple cellular failures 
including loss of mitophagy (153) and mtDNA maintenance (154). In addition, 
deletion of the mitochondrial fission protein, DRP1, was found to be lethal in 
mouse models (191).  
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In contrast to mitochondrial fission, loss of fusion by deletion of FZO1 
results in a severe collapse of mitochondrial quality: loss of mtDNA, collapse of 
mitochondrial ∆ψ, and fragmentation and aggregation of mitochondria. 
Intriguingly, we found that fzo1∆ cells had fitter mitochondria compared to 
mgm101∆ cells, potentially due to the loss of mitochondrial anchorage and 
increased stringency of the RACF filter described above. However, these effects 
are subtle compared to the massive loss of quality found in fusion mutants. 
Indeed defects in fusion promote disease progression including oncogenic 
transformation (152, 192), Charcot-Marie-Tooth disease (193), and autosomal 
dominant optic atrphy (194).  
However, the mechanism by which mitochondrial fusion mediates quality 
control is still not well understood. While it is intuitive that loss of mtDNA would 
promote collapse of mitochondrial function, we find that fusion mutants 
maintaining mtDNA also have dysfunctional mitochondria. This may be due to 
mtDNA heteroplasmy, resulting in lower functioning mitochondria compared to 
wild-type cells (154). It is also possible that mitochondrial fusion promotes 
interorganelle complementation. Indeed content mixing of mitochondria via 
mitochondrial fusion during mating has already been documented (195). In 
addition, complementation of mtDNA is crucial in preventing respiratory 
dysfunction caused by mtDNA mutations (196). Thus, it is possible that 
mitochondrial fusion may promote content mixing of essential proteins, or dilution 
of damaging components across a larger volume. To test this hypothesis, we can 
study mitochondrial quality through the dynamics of mitochondrial fusion and 
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fission. Preliminary results show that upon fragmentation, mitochondrial ∆ψ 
significantly decreases. However, upon return to filamentous tubules, ∆ψ is 
restored (data not shown). These studies will need to be extended into strains 
with defective fusion without loss of mtDNA, such as temperature sensitive 
mutants or through utilization of the tet-off system. We hypothesize that the lack 
of fusion will prevent restoration of ∆ψ post-fragmentation due to the loss of 
interorganelle complementation as a quality control mechanism. 
 
5.4. Maintenance of cytoskeletal integrity and its link to aging.  
 The cytoskeleton has an inherently contradictory makeup: it must provide 
stable, structural support for the cell and its organization, but it must also remain 
fluid and dynamic for its proper function. Many essential processes, including 
autophagy, chaperone function, vesicle and organelle transport, endocytosis and 
exocytosis, and mitochondrial maintenance are all driven by the actin and/or 
tubulin cytoskeletons (10, 197-200). Interestingly, many – if not all – of these 
cytoskeleton-driven pathways show a decline in function at advanced age or in 
age-associated disease models (4, 201-206). It is plausible that a failure in actin 
and microtubule function at old age is responsible for the functional decline of 
these downstream processes. 
 Indeed there are numerous lines of evidence suggesting an age-
associated decline in actin cytoskeletal function. Premature aging models in S. 
cerevisiae show declines in cytoskeletal integrity (10). A study characterizing 
tissue-specific decline in cellular fitness in C. elegans as a function of age 
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identified defects in actin organization in aged muscle cells (207). Age-
associated declines in regulation of F-actin prevents T cell activation (39). 
Proteome studies revealed age-associated changes in the abundance of 
cytoskeletal proteins in human fibroblasts (208). Stabilization of the actin 
cytoskeleton results in increased lifespan in C. elegans (209). However, a direct 
and exhaustive characterization of either actin or microtubule cytoskeletal decline 
in multi-cellular organisms as a function of age has not yet been performed. 
These studies may unveil an exciting field in the role of the actin cytoskeleton in 
lifespan regulation.  
 In fact, a recent study in C. elegans has shown that overexpression of the 
heat shock factor, HSF-1, promotes actin cytoskeletal integrity through the 
activity of the troponin, PAT-10. In HSF-1 or PAT-10 overexpressing worms, the 
actin cytoskeleton is protected from heat stress, and the age-associated decline 
in cytoskeletal integrity is ameliorated (209). Moreover, overexpression of HSF-1 
or PAT-10 results in preservation of the cytoskeleton at old age and a 
corresponding increase in lifespan. These data provide direct evidence that 
maintenance of the actin cytoskeleton has direct impacts on lifespan regulation.  
 Our studies are consistent with these findings. In S. cerevisiae, we have 
increased actin cytoskeletal integrity by overexpression of the protein deactylase, 
SIR2. We found an increased actin cable content with corresponding increases in 
mitochondrial fitness and lifespan. We also obtained evidence that the lifespan 
phenotype in SIR2 overexpressing cells is due to increased RACF, which 
promotes mitochondrial quality and thus results in an increased lifespan. Yet to 
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be determined is the mechanism underlying Sir2p control of the actin 
cytoskeleton. Indeed, it would be interesting to see if Sir2p, which is a 
deacetylase, affects the acetylation of actin or actin-associated proteins. 
Nonetheless, there exists a strong correlation between maintenance of actin 
cytoskeletal integrity and lifespan regulation. It would also be interesting to see 
whether the increased actin cytoskeletal integrity promotes mitochondrial quality 
in C. elegans overexpressing HSF-1 or PAT-10.  
 Our work has also identified a link between maintenance of the tubulin 
cytoskeleton and lifespan regulation. Deletion of SUM1 results in a slightly 
shortened lifespan, despite a significant increase in mitochondrial quality. This 
may be due to the decreased stability of the tubulin cytoskeleton: in sum1∆ cells, 
microtubules are more sensitive to destabilizing conditions including nocodazole 
and cold treatment. It is possible that sum1∆ cells have a premature collapse in 
microtubule organization and function, resulting in premature aging. These 
hypotheses stem from the finding that loss of proper tubulin dynamics – 
specifically aggregation of tubulin – is found in neurodegenerative disorders (180, 
181, 210). To test these hypotheses, one could study the effects of microtubule 
destabilizing drugs (such as benomyl or nocodazole) on cellular health and 
lifespan. It would be interesting to investigate whether defects in microtubule 
stability can override the effects of enhanced cytoskeletal integrity and 
mitochondrial fitness as is seen in sum1∆ cells. In addition, one could perform an 
in-depth analysis on the age-associated decline in microtubule structure and 
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organization by comparing cytoskeletal structures in young, middle-aged, and 
old-age cells in wild-type and sum1∆ cells.  
 Still to be investigated is whether these phenomena are conserved in 
mammalian models. It would be of great interest to determine whether there 
exists an age-associated decline in cytoskeletal integrity, specifically in tissues 
where cytoskeletal function is paramount. For example, regulation of F-actin is 
significant in T-cell activation, and may potentially be lost in aged T-cells (39). 
Can ectopically increasing cytoskeletal integrity promote cellular function in 
muscle, neurons, T-cells, and other cells dependent on the cytoskeleton for its 
proper function? Are actin-mediated effects on mitochondrial quality also 
important in mammals?  
 
5.5. Role of Sum1p in actin organization and functions in mitochondrial 
quality control and lifespan  
Still to be determined is the mechanism by which deletion of SUM1 contributes to 
increased actin cytoskeletal integrity and mitochondrial quality. To identify novel 
mechanisms activated by this transcriptional regulator, we performed RNA-seq 
analysis and compared the gene expression profile of wild-type and sum1∆ cells 
(Fig. 5.3). Consistent with previous findings, transcriptome analysis revealed 
Sum1p’s function in regulation of reproductive processes, cell wall organization, 
and NAD biosynthesis. Sum1p’s role in transcriptional regulation of genes 
involved in NAD biosynthesis further supports its role in regulation of Sir2p 
activity. Deletion of SUM1 results in upregulation of the BNA family of genes 
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responsible for de novo synthesis of NAD, which in turn increases Sir2p activity 
(174). However, this does not address how deletion of SUM1 can ameliorate 
defects found in sir2∆ cells. Further transcriptome analysis comparing the gene 
expression profile of sum1∆ versus sum1∆ sir2∆ cells may help to help identify a 
novel mechanism mediating this suppression.  
 
Fig. 5.3. Comparative transcriptome analysis reveals Sum1p’s role in 
regulation of NAD biosynthesis, cell wall organization, and reproduction. 
Wild-type and sum1∆ cells were grown to mid-log phase in YPD and total RNA 
was isolated and subject to RNA-seq as described in Materials and Methods. 
Differential gene expression between wild-type and sum1∆ strains were 
organized into gene ontology terms using SGD’s gene ontology finder, then put 
through REVIGO for further grouping based on functionality. On a red-green-blue 
scale, similar colors represent higher similarity between functional groups.   
 
 Further analysis of the transcriptome data revealed massive 
overexpression (over 2000-fold) of HXT14 and YGL138C. Hxt14p is a 
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mitochondrial protein with sequence homology to hexose transporter family 
members involved in import of basic carbohydrates into cells (211). YGL138C is 
a previously uncharacterized open reading frame and its only known function is 
that it is essential for normal growth in glycerol at 37°C (212). Due to its massive 
upregulation in sum1∆ cells, it is possible that these genes may help to identify a 
novel mechanism by which Sum1p may regulate cellular health and fitness in a 
Sir2p-independent pathway. Preliminary studies have identified that both Hxt14p 
and Ygl138cp may function in maintenance of vacuolar acidity and quality. When 
vacuolar acidity is lost, neutral amino acid storage in the organelle is disrupted, 
such that mitochondria use its ∆Ψ to import neutral amino acids, resulting in 
disruption of mitochondrial quality and decreased lifespan (68). Further 
investigation is necessary to determine whether Hxt14p and Ygl138cp may affect 
mitochondrial quality and lifespan through regulation of vacuolar function.  
 
5.6. Concluding remarks 
 Aging is a complex, inevitable phenomenon in all organisms and is 
characterized by the decline of cellular function and fitness. The physiological 
concept of decline in health – such as loss of elasticity in the skin and slowing of 
metabolic functions –  as a function of age is outwardly visible, and major effort 
has been put forth into identifying the key cellular and molecular mechanisms 
involved in this decline. Not surprisingly, many essential cellular stress response 
pathways exist to preserve cell viability during aging.  
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 Mother-daughter age asymmetry, that is, production of a pristine offspring 
irrespective of the age of the mother, is an essential process that promotes 
resetting of the next generation and preservation of a species. Here, we have 
shown that both RACF and mitochondrial anchorage – mediated by Mmr1p and 
mitochondrial fusion – contributes to asymmetric segregation of fit from less fit 
mitochondria, such that daughter cells inherit pristine, highly-functioning 
mitochondria. This in turn promotes fitness and lifespan of the daughter cell. 
These studies also closely linked maintenance of the actin cytoskeleton to quality 
control of mitochondria, both of which are essential for promoting lifespan and 
cellular health.    
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Chapter 6 – Appendices 
 
6.1. A novel 3-, 4-, and 5-color, live-cell imaging approach in S. cerevisiae. 
6.2. Live-cell imaging of mitochondria and the actin cytoskeleton in budding 
yeast. 
6.3. Imaging of the actin cytoskeleton and mitochondria in fixed budding yeast 
cells. 
6.4. Characterization of mitochondrial inner membrane fusion and fission 
proteins. 
6.5. The histone acetyl transferase complex protein, Hif1p, regulates the 
mitochondrial oxidative stress response.  
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Appendix 1 - 6.1. A novel 3-, 4-, and 5-color, live-cell imaging approach in S. 
cerevisiae. 
 
Higuchi-Sanabria R, Garcia-Vasseur EJ, Tomoiaga D, Munteanu EL, Feinstein P, 
Pon LA. 
 
All data and manuscript generated by Higuchi-Sanabria R 
Strain construction performed by Higuchi-Sanabria R and Garcia-Vassuer EJ 
Munteanu EL contributed to experimental design 
mTFP1 generated by Tomoiaga D and Feinstein P 
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6.1.1. Abstract 
Saccharomyces cerevisiae serves as an ideal model organism to carry out 
fluorescent microscopy using fluorescently tagged protein fusions. However, the 
availability of fluorescent proteins in budding yeast is limited. Specifically, multi-
color imaging has proved to be challenging, and no reliable method has been 
previously described. Here, we have constructed a set of protein tagging vectors 
with three fluorescent proteins from three different species and show that 
mTFP1, mCitrine, and mCherry can be used in conjunction with each other for 
multicolor live-cell imaging in yeast. 
  
	  
	   170	  
6.1.2. Introduction 
Enhanced Green fluorescent protein (GFP) from Aequorea victoria and its 
other derivatives including cyan and yellow fluorescent proteins (CFP and YFP, 
respectively) are widely used due to their narrow emission spectra, photostability, 
and low cellular toxicity (213). These fluorescent proteins (FPs) can easily be 
inserted into the chromosomal loci of genes of interest in S. cerevisiae through 
PCR-based homologous recombination (214). However, FP tagging cassettes for 
multicolor imaging in yeast are limited. Currently, the only viable three-color live-
cell imaging approaches available in the yeast system are blue fluorescent 
protein (BFP)/GFP/RFP (215) and CFP/YFP/RFP (216), both of which have 
limitations, as detailed below.  
The UV illumination used for imaging of BFP in live cells results in 
phototoxicity, which in turn leads to organelle fragmentation or rupturing, 
production of reactive oxygen species, and cell death (217). In addition, the 
brightest BFPs available in yeast, mTagBFP1 and mTagBFP2, disrupt function of 
fusion proteins (215). Cyan fluorophores, on the other hand, are shifted higher in 
excitation and emission spectra, making them more amenable to long-term, live-
cell imaging. However, cyan is shifted closer to GFP than BFP, which results in 
bleed-through using most conventional green illumination parameters. While 
CFP/YFP/RFP provides a viable three color imaging modality, most CFPs and 
YFPs are derived from GFP. As a result of the high degree of identity in DNA 
sequences, insertion of all three proteins into the yeast genome by homologous 
recombination is very difficult.  
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Recent advances have led to the development of FPs that are monomeric 
and span a broad array of the color spectrum. Moreover, since many of the newly 
developed FPs are from different cellular sources and are genetically distinct, 
multiple FPs can be introduced into the same yeast cell by homologous 
recombination. Here, we developed tagging cassettes for three-color live-cell 
imaging in S. cerevisiae for the first time.   
The FPs used for these studies are monomeric teal fluorescent protein 1  
(mTFP1), mCitrine and mCherry. mTFP1 is a derivative of cyan FP484 from the 
coral Clavularia sp. (218). mTFP1 has many advantages over CFP, including 
higher photostability, decreased acid sensitivity, and narrower emission 
spectrum. In addition, mTFP1 is readily visible using standard CFP imaging 
conditions. mCitrine is a variant of YFP (219). Compared to YFP, mCitrine is less 
pH or halide sensitive, more photostable and exhibits better expression at 37°C 
and in organelles. mCherry is a monomeric FP from the coral Disconsoma sp. 
protein, mRFP. mCherry matures more rapidly than mRFP. It is also brighter, 
more amenable to fusions at the N- or C-terminus and more photostable 
compared to mRFP (220). In addition, mCherry is excited at longer wavelengths 
and therefore less phototoxic compared to CFP, GFP, and YFP, which is 
particularly useful for live-cell, tissue, and whole-body imaging (221, 222).  
 
We have developed both C-terminal and N-terminal tagging constructs for 
mTFP1, and N-terminal constructs for mCitrine and mCherry to broaden the 
availability of tagging constructs for yeast multi-color imaging. Since each of 
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these FPs is resolved from blue dyes, they can be used in conjunction with the 
DNA binding dye DAPI for three- or four-color imaging.  
 
6.1.3. Results 
6.1.3.1. mTFP1 can be targeted to mitochondria and does not disrupt 
mitochondrial function 
To determine whether mTFP1 is an amenable fluorophore in yeast, we 
tagged Cit1p (Citrate Synthase 1), an abundant citric acid cycle protein that 
localizes to the mitochondrial matrix (223), at its C-terminus with mTFP1. For 
comparison, we tagged Cit1p at its C-terminus with GFP, mCitrine, or mCherry. 
We find that all four proteins localize to structures that resemble mitochondria 
(Fig. 6.1.1A). They localize to long tubular structures that align along the mother-
bud axis and accumulate in the bud tip.  
 
Fig. 6.1.1. C-terminal tagging of Cit1p with mTFP1 does not disrupt 
localization or function of the protein. A) BY4741 cells expressing Cit1-GFP, 
Cit1-mTFP1, Cit1-mCitrine, or Cit1-mCherry were stained with 1 µg/ml DAPI for 
10 min as described in Materials and Methods. DAPI-stained cells were imaged 
on a wide-field microscope. Z-series were collected through the entire cell at 0.5 
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(Fig. 6.1.1. continued) µm intervals using a metal halide lamp and appropriate 
filters at 216 gain and 200 ms exposure time. Cell outlines were drawn over 
phase images. Scale bar = 1 µm. n = nucleus. mtDNA = mitochondrial DNA. B) 
BY4741 and cit1∆ cells, and BY4741 cells expressing Cit1-GFP, Cit1-mTFP1, 
Cit1-mCitrine, or Cit1-mCherry were grown to mid-log phase in YPD and diluted 
to OD600 = 0.01 in YPG. 10-fold serial dilutions were performed and 5 µl was 
placed on solid media (YPG) and grown at 30°C for three days. Images are 
representative of three independent trials.  
 
To confirm that the labeled structures are mitochondria, we stained the 
cells with the DNA binding dye DAPI to visualize mitochondrial DNA (mtDNA). 
We find that all four fusion proteins co-localize with mtDNA. Thus, Cit1p-mTFP1, 
like other FP-tagged Cit1p fusion proteins, localize to mitochondria. We also 
tested the localization of Cit1p tagged at its N-terminus with mTFP1, mCitrine, 
and mCherry using our newly synthesized N-terminal tagging constructs. To 
insure that N-terminally tagged proteins localize to mitochondria, FP tags were 
was inserted in Cit1p between the N-terminal mitochondrial localization sequence 
and the mature protein. Similar to the C-terminally tagged protein, mTFP1-Cit1p, 
mCitrine-Cit1p, and mCherry-Cit1p all localize to mitochondrial structures and co-
localize with DAPI (Fig. 6.1.S2A).  
Equally important, we find that mTFP1 does not affect cell viability or 
protein function. To test for possible effects on cell toxicity, we measured growth 
rates of yeast cells expressing Cit1p-mTFP1 using glucose as carbon sources. 
We find that the growth rate of Cit1p-mTFP1 expressing cells using rich, glucose-
based media is similar to those of yeast that have no FPs, and yeast expressing 
Cit1p-GFP, Cit1p-mCitrine and Cit1p-mCherry (Fig. 6.1.S3). Thus, expression of 
tagged Cit1p does not affect yeast cell growth. 
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To determine whether tagging Cit1p with mTFP1 or other FPs affects 
mitochondria function, we examined the growth rate of these cells grown on rich, 
glycerol-based media, i.e. under respiration-driven growth conditions (Fig. 
6.1.1B). First, we confirmed that deletion of CIT1 results in reduced rates of 
growth using a non-fermentable carbon source. In addition, we found that the 
growth rate of yeast expressing any of the Cit1p-FPs using glycerol as a carbon 
source is similar to that observed in cells that do not express tagged Cit1p. We 
find similar results with Cit1p tagged at the N-terminus with mTFP1, mCitrine, 
and mCherry (Fig. 6.1.S2B-D). Thus, tagging Cit1p with the FPs used in this 
study does not have detectable effects on mitochondrial respiratory activity. 
 
6.1.3.2. Properties of mTFP1/mCitrine/mCherry when expressed in living 
yeast cells. 
To determine whether mTFP1, mCitrine and mCherry can be used for 
simultaneous, multicolor imaging in yeast, we studied whether the fluorescence 
of these proteins can be resolved using conventional epi-fluorescence filter sets 
(Fig. 6.1.2). mTFP1 and mCitrine fusion proteins produce a robust mitochondrial 
signal under conditions used for GFP imaging (λex/em = 470/525). Thus, they 
cannot be used for multicolor imaging with GFP. However, we do not detect 
bleed-through between mTFP1, mCitrine, and mCherry under our imaging 
conditions (λex/em = 436/480 for mTFP1; λex/em = 500/535 for  mCitrine; and λex/em 
= 550/670 for mCherry). 
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Fig. 6.1.2 Spectral compatibility of mitochondria-targeted FPs. BY4741 cells 
expressing Cit1-GFP, Cit1-mTFP1, Cit1-mCitrine, and Cit1-mCherry were 
imaged on a wide-field microscope. Z-series were collected at 0.5 µm intervals 
throughout the entire cell using a metal-halide lamp with standard GFP, CFP, 
YFP, and rhodamine filters using 216 gain and 200 ms exposure times. Full filter 
specifications are listed in Materials and Methods. Only the highest wavelengths 
for values of excitation and emission filters are listed for ease of readability. 
 
We next tested the perceived brightness of mTFP1 relative to GFP, 
mCitrine, and mCherry when expressed in yeast cells. The intrinsic brightness of 
a FP, the product of its extinction coefficient and quantum yield, is typically 
measured using purified proteins. Previous studies revealed that the intrinsic 
brightness of the FPs of interest for these studies is: mCitrine > mTFP1 > GFP > 
mCherry (213, 218). In contrast, the perceived brightness of a FP is determined 
by factors including the intrinsic brightness, optical properties of the imaging and 
	  
	   176	  
125	  
detection systems as well as FP expression, folding and context. To determine 
the perceived brightness of mitochondria-targeted FPs of interest, we performed 
wide-field, fluorescence imaging of Cit1p tagged with GFP, mTFP1, mCitrine, or 
mCherry in living yeast cells. Imaging was performed with minimal variability 
between the acquisition strategies for each fluorophore, utilizing the same metal 
halide lamp at identical power and filter sets specific to each fluorophore as 
described in Materials and Methods. Although the signal from all 4 fluorophores 
is sufficient for these studies, we find variability in integrated fluorescence 
intensity: GFP > mCitrine > mTFP > mCherry (Fig. 6.1.3A). 
 
Fig. 6.1.3. Perceived brightness and stability of mTFP1 relative to GFP, 
mCitrine, and mCherry. BY4741 cells expressing Cit1-GFP, Cit1-mTFP1, Cit1-
mCitrine, or Cit1-mCherry were imaged on a wide-field microscope. Single-plane, 
time-lapse imaging was performed at the center of the cell at 1 sec intervals for 
120 sec using a metal halide lamp and appropriate filters at 216 gain and 200 ms 
exposure for each fluorophore. A) Integrated fluorescence density at time = 0 
was measured using Image J as described in Materials and Methods. *** = p < 
0.001. Error bars are SEM. B) Integrated fluorescence density was measured at 
each time point and normalized to the integrated fluorescence density at time = 0 
and graphed as % fluorescence remaining as a function of time. Error bars are 
SEM. n = 28-44 cells per strain. Data is representative of 3 independent trials. 
 
Finally, we measured the photostability, of mitochondria-targeted FPs. 
Yeast expressing Cit1p that was tagged with mTFP1, mCitrine, or mCherry were 
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imaged along a single plane at the center of the mother cell at 1 sec intervals for 
120 sec. We then measured the integrated fluorescence intensity at each time 
point, normalized it to the integrated fluorescence intensity at time 0, and plotted 
them as percent fluorescence remaining as a function of time (Fig. 6.1.3B). We 
find that mTFP1 is less photostable compared to GFP; however, it is more 
photostable compared to mCitrine and mCherry under our experimental 
condtions. These characteristics make mTFP1 a valuable fluorophore with robust 
intensity and fluorophore stability compared to commonly used fluorophores in 
yeast.  
 
6.1.3.3. 3- and 4-color, live-cell imaging using mTFP1/mCitrine/mCherry. 
To determine the utility of mTFP1/mCitrine/mCherry as a viable 3-color 
imaging modality, we performed multicolor imaging of cells expressing Cit1p-
mTFP1, Pho88-mCitrine, and Erg6-mCherry. In all cases, proteins were tagged 
by insertion of the FP into the chromosomal locus of the gene of interest at its C-
terminus. As described above, Cit1p is a tricarboxylic acid cycle protein targeted 
to the mitochondrial matrix. Pho88p is an ER membrane protein involved in 
phosphate transport (224). Erg6p is a methyltransferase that localizes to lipid 
droplets in yeast (225). Previous studies revealed that fusion of FPs to the C-
termini of these organelle marker proteins does not affect protein function or 
localization (33, 225, 226). Indeed, expression of Pho88p-mCitrine results in 
labeling of ER associated with the nuclear envelope (nuclear ER) and ER sheets 
and tubules underlying the plasma membrane (cortical ER). Tagging of Erg6p 
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with mCherry produces punctate dots, reminiscent of lipid droplet structures. 
More importantly, we find that the FP fusion proteins are targeted to their distinct 
organelle structures, and can be resolved through wide-field microscopy (Fig. 
6.1.4, left panels). In addition, simultaneous expression of mTFP1, mCitrine, and 
mCherry in a single cell has a minimal effect on growth rate in glucose or 
glycerol-based carbon sources (Fig. 6.1.S4).  
Figure 6.1.4. Utilization of mTFP1, 
mCitrine, mCherry and DAPI for 3- and 
4-color, live-cell imaging. BY4741 cells 
expressing Cit1-mTFP1, Pho88-mCitrine, 
and Erg6-mCh were imaged either 
untreated (left panels) or after staining 
with 1 µg/mL DAPI for 10 min (right 
panel) at 30°C as described in Materials 
and Methods. Z-series were collected 
with wide-field microscopy at 0.5 µm 
intervals throughout the entire cell using a 
metal-halide lamp and appropriate filters 
using 216 gain and the following 
exposure times: 100 ms for Cit1-mTFP1, 
200 ms for Pho88-mCitrine, 200 ms for 
Erg6-mCherry and 100 ms for DAPI. Cell 
outlines were drawn over phase images. 
Scale bar = 1 µm. n = nucleus. mtDNA = 
mitochondrial DNA. nER = nuclear ER. 
cER = cortical ER. 
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We also find that mTFP1 can be resolved from blue fluorophores, such as 
the DNA-binding dye, DAPI (Fig. 6.1.4, right panels). Cells expressing Cit1p-
mTFP1 show no fluorescence with our DAPI imaging conditions (λex/em = 
365/445), while those stained with DAPI show robust staining of nuclear and 
mitochondrial DNA. Thus mTFP1/mCitrine/mCherry can be used in combination 
with blue fluorophores for reliable 4-color, live-cell imaging. However, blue 
fluorophores require UV illumination, which can cause phototoxicity, so blue dyes 
should only be used as markers for known structures, and not for long-term 
imaging.  
 
6.1.4. Discussion 
  
We constructed a novel set of yeast fluorescent tagging vectors for 
mTFP1, mCitrine, and mCherry to expand the spectrum of FPs available for 
multicolor live-cell yeast imaging (Table 6.1.S1). We find that tagging an 
abundant mitochondrial protein, Cit1p with each of these proteins has no effect 
on cell growth rates or on the localization or function of the protein. Equally 
important, we measured the brightness and photostability of Cit1p-FPs within the 
context of living yeast cells. The perceived brightness of mTFP1 is less than that 
of GFP, but sufficient for multi-color fluorescence microscopy. In fact, under our 
experimental conditions, mTFP1 is brighter and bleaches at a much lower rate 
than mCherry. Thus, mTFP1 may be useful in two-color, live-cell imaging in 
conjunction with mCitrine, when the signal from mCherry-tagged structures is 
limited.  
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To determine whether mTFP1, mCitrine, and mCherry can be used for 
simultaneous imaging in living yeast cells, we tagged marker proteins for 
mitochondria, ER and lipid droplets at their chromosomal loci with these FPS. We 
find that mTFP1, mCitrine and mCherry can be used for robust 3-color live-cell 
imaging alone and in conjunction with blue dyes, such as DAPI. mTFP1 does not 
have the limitations of BFPs, including the requirement of UV illumination, limited 
availability, and negative effects on protein function. Thus, simultaneous imaging 
with mTFP1 (e.g. mTFP1/mCitrine/mCherry) has clear advantages over multi-
color imaging with BFP (e.g. BFP/GFP/mCherry). Moreover, since there is no 
significant sequence homology between of mTFP1, mCitrine and mCherry, these 
FPs can readily be inserted into the genome of a single yeast cell by homologous 
recombination. Finally, mTFP1 has higher photostability and a narrower emission 
spectrum compared to CFPs (227). Thus, mTFP1/mCitrine/mCherry 3-color 
imaging is also an improvement over imaging with multiple GFP-derived proteins. 
Overall, we find that mTFP1 can be utilized to expand the availability of 
the spectrum of FPs for visualization in S. cerevisiae. mTFP1/mCitrine/mCherry 
serves as a proficient 3-color live-cell imaging modality, and can be used with 
blue dyes for 4-color live-cell imaging. The availability of a robust 3- and 4-color, 
live-cell imaging modality will expand yeast microscopy and allow complex co-
localization experiments. 
 
6.1.5. Ongoing work: A novel 4- and 5-color, live-cell imaging approach 
using AFP. 
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It would be of interest to characterize and adapt far-red fluorophores into 
the S. cerevisiae system. Reliable far-red fluorophores have been difficult to find 
due to the strong overlap with RFPs (222). Recently, TagRFP657, a far-red 
shifted version of the RFP, mKate from the sea anemone Entacmaeaquadricolor 
has been improved with a single lysine substitution, T10K, and renamed auburn 
fluorescent protein (AFP) (228). Ongoing work is aimed at characterizing 
potential far-red proteins. Preliminary data show that AFP may be a potential far-
red fluorophore amenable for 4-color live-cell imaging using 
mTFP1/mCitrine/mCherry/AFP, which works well with blue dyes, such as DAPI 
for novel five-color, live-cell imaging. 
FPs with peak excitation and emission in the near infrared (or far-red) 
region (λ > 650 nm) are favorable for live-cell imaging due to minimal photo-
damage at these wavelengths (229, 230). However, development of far-reds that 
have little overlap with RFPs have been difficult, and currently no FP-tags in the 
near infrared region are available in S. cerevisiae. We tested AFP, a more robust 
version of TagRFP657 with a T10K lysine substitution (228).  
To determine the utility of these far-red FPs, we compared their brightness 
using standard RFP (excitation 561 nm, emission 570-620 nm) and far-red 
(excitation 630 nm, emission 663-738 nm) imaging conditions on a confocal 
microscope. We find that AFP has minimal bleed-through into the RFP channel 
(Fig. 6.1.5A). Although AFP is still excited at 561 nm excitation, this is 
comparable to the limited excitation of mCherry at 630 nm excitation, making 
simultaneous imaging of the two plausible if abundant proteins with robust signal 
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are tagged by these proteins. Here we tagged Vph1p, an abundant vacuolar 
protein, with mCherry, and Abp1p, an actin-binding protein which localizes to 
endocytic vesicles, with AFP. We find that Vph1-mCherry and Abp1-AFP can be 
clearly distinguished and can be simultaneously imaged in a single cell (Fig. 
6.1.5B). More importantly, these fluorophores can be used with mTFP1 and 
mCitrine for a viable, 4-fluorophore, live-cell imaging modality. In addition, we 
were able to DAPI-stain cells expressing all four fluorophores and image five 
colors in a single cell (Fig. 6.1.5B).  
Fig. 6.1.5. 5-color, live-cell imaging using AFP. A) BY4741 cells expressing 
Cit1-mCherry or Cit1-AFP were imaged on a confocal microscope using lasers 
specific for RFP (561 nm excitation) or far-red (630 nm excitation) using 28% 
laser power for the 561 nm laser and 50% laser power for the 630 nm laser to get 
a power reading of ~220 on a diode. Z-series were collected through the entire 
cell at 0.5 µm intervals. Full filter specifications are listed in Materials and 
Methods. Only the highest wavelengths for values emission filters are listed for 
ease of readability. B) BY4741 cells expressing Cit1-mTFP1, Pho88-mCitrine, 
Vph1-mCherry, and Abp1-AFP were stained with 1 µg/mL DAPI for 10 min as 
described in Materials and Methods and imaged using a confocal microscope. 
Fluorophores were imaged using lasers as follows: Cit1-mTFP1 with 457 nm 
laser at 10% power, Pho88-mCitrine with 514 nm laser at 5% power, Vph1-
mCherry with 561 nm laser at 6% power, Abp1-AFP with 630 nm laser at 20% 
power, and DAPI with 405 nm laser at 10% power. Z-series were collected 
throughout the entire cell at 0.5 µm intervals. Cell outlines were drawn over 
phase images. Scale bar = 1 µm.  
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To further characterize AFP in S. cerevisiae, we performed similar 
brightness and stability experiments as described above. We subjected cells 
expressing GFP, mCherry, or AFP-tagged Cit1p to single-plane, confocal 
imaging at 1.5 sec intervals for a total of 120 sec. We measured integrated 
fluorescence density at time 0, and used this measurement as the relative 
brightness of the fluorophores. We also measured integrated fluorescence 
density at each successive time point, normalized them to the initial integrated 
fluorescence density, and represented these values as % fluorescence 
remaining. 
We find that AFP is significantly dimmer relative to GFP and mCherry 
(Fig. 6.1.6A-B). However, it is detectable and has minimal photobleaching 
relative to GFP and mCherry under the imaging conditions used in this study 
(Fig. 6.1.6C). We also find that AFP-tagging of Cit1p does not affect the 
localization or function of the protein, and cells expressing Cit1p do not display 
defects in growth rate in both glucose- and glycerol-based media (Fig. 6.1.7). 
These data show that while AFP is not as robust as the other fluorophores tested 
in this study, it is an amenable far-red fluorophore in yeast and provides a useful 
4-color (mTFP1, mCitrine, mCherry, AFP), live-cell imaging approach, which can 
be used with blue dyes, such as DAPI for 5-color, live-cell imaging.  
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Fig. 6.1.6. Brightness and photostability of AFP. A) BY4741 cells expressing 
Cit1-GFP, Cit1-mCherry, or Cit1-AFP were imaged on a confocal microscope. 
Single-plane, time-lapse imaging was performed at the center of the cell at 1.5 
sec intervals for 120 sec using lasers specific for GFP (488 nm), mCherry (561 
nm), and AFP (630 m). Laser powers were adjusted as follows for a power 
measurement of ~220 on a diode: 100% for 488 nm, 28% for 561 nm, and 50% 
for 630 nm. Cell outlines were drawn over phase images. Scale bar = 1 µm. B) 
Integrated fluorescence density at time = 0 was measured using ImageJ as 
described in Materials and Methods. *** = p < 0.001 measured with student-t 
testing. Error bars are SEM. C) % fluorescence remaining was calculated as per 
Fig. 3 and graphed as a function of time. Error bars are SEM. n = 47-63 cells per 
strain. Data is pooled over three independent trials.          
  
 
While AFP does provide a plausible label for 4- and 5-color live-cell 
imaging, we find that like currently available BFPs, the protein may disrupt the 
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localization and function of some proteins. For example, Abp1p is normally found 
in punctate actin patches primarily in the bud. However, Abp1p tagged with AFP 
results in aberrant localization of the protein to the mother cell. Moreover, 
mitochondria in cells expressing Cit1-AFP appear more fragmented that those 
observed in untagged cells. Therefore, we advise caution when utilizing AFP, 
and are currently characterizing other far-red fluorophores for use in S. 
cerevisiae including, but not limited to eqFP670 and mCardinal.  
Fig. 6.1.7. C-terminal tagging of 
Cit1p with AFP does not affect 
localization or function of the 
protein. Representative images of 
BY4741 cells expressing Cit1-GFP, 
Cit1-mCherry, and Cit1-AFP 
imaged on a confocal microscope. 
Z-series were collected through the 
entire cell at 0.5 µm intervals using 
specific lasers for GFP (488 nm), 
mCherry (561 nm), and AFP (630 
m). Laser powers were adjusted for 
optimal signal as follows: 5% for 
488 nm, 5% for 561 nm, and 50% 
for 630 nm. Cell outlines were 
drawn over phase images. Scale bar = 1 µm. B) BY4741 and cit1∆ cells, and 
BY4741 cells expressing Cit1-GFP, Cit1-mCherry or Cit1-AFP were grown to 
mid-log phase in YPD and diluted to OD600 = 0.01. 10-fold serial dilutions were 
performed in both YPD (top) and YPG (bottom) and 5 µl of each dilution was 
plated on solid media and grown at 30°C for three days. Images are 
representative of three independent trials. 
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6.1.6. Materials and Methods 
Plasmid construction 
We created C-terminal and N-terminal mTFP1 and AFP tagging vectors by 
cloning the fluorophore sequences into the previously published pFA6 (231, 232). 
We also synthesized pOM series vectors with mCitrine and mCherry to make N-
terminal tagging with these valuable fluorophores readily available (we did not 
clone mCitrine and mCherry into pFA6 vectors since C-terminal tagging vectors 
for these FPs are readily available (233)). These vectors share the same tagging 
primers as the original pFA6 and pOM vectors and can be used interchangeably 
with them (Fig. 6.1.S1).  
Yeast tagging plasmids were derived from either pFA6a-GFP(S65T)-
kanMX6 or pFA6-GFP(S65T)-HISMX6 (232) for C-terminal tagging constructs 
and from POM42 and POM43 for N-terminal tagging constructs (231). To 
produce the C-terminal tagging constructs, TFP and AFP sequences were 
obtained from (228) and PCR-amplified with PacI+CAGT on the 5’ end and AscI 
on the 3’ end. Both the PCR product and parent vectors were digested with PacI 
and AscI. GFP was then dropped out of the pFA6-GFP vectors containing HIS-3 
or KanMX-6 selectable markers by gel extraction of the parent vector and 
replaced with TFP or AFP. A similar method was employed for the N-terminal 
constructs, dropping GFP from POM42 or POM43 plasmids using serial digestion 
with BamHI and SpeI and replacing them with PCR-amplified TFP, mCherry, 
Citrine, or AFP flanked with BamHI and SpeI. Primers used for this study can be 
found in Table 6.1.S1.  
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Yeast strain construction 
For construction of strains with fluorescent protein tags, a PCR fragment 
containing regions homologous to sequences directly upstream and downstream 
of the stop codon (for C-terminal tags) or MTS cleavage site (for N-terminal tags) 
and coding regions for the FP and selection marker was amplified from the 
appropriate plasmids (Table 6.1.S2) using the primers listed in Table 6.1.S3. 
BY4741 cells were transformed with the PCR product using a standard lithium 
acetate transformation method and were selected on either YPD plates with 
appropriate drug selections or synthetic complete (SC) plates with appropriate 
amino acid dropouts. Tagging was confirmed by fluorescence microscopy. For N-
terminal tags, the selection marker was removed by transforming cells with the 
pSH62 vector and gal-inducing for 4 hours followed by replica plating on YPD 
and SC with appropriate dropouts to select for loss of selection marker (231). 
The cit1∆ strain was synthesized by replacing the CIT1 gene with LEU2. A PCR 
product with sequences homologous to regions directly upstream of the start 
codon and downstream of the stop codon and coding regions for LEU2 was 
amplified from plasmid POM13 (Addgene, Cambridge, MA) using forward primer 
5’ ATAAGGCAAAACATATAGCAATATAATACTATTTACGAAGTGCAGGTCG 
ACAACCCTTAAT 3’ and reverse primer 5’ TTTGAATAGTCGCATACCCTGA 
ATCAAAAATCAAATTTTCCGCAGCGTACGGATATCACCTA 3’. BY4741 cells 
were transformed with the PCR product using the lithium acetate method and 
selected on SC-LEU plates.  Deletion of CIT1 was confirmed through PCR using 
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forward primer 5’ CCGATACTATCGACTTATCCGACCTC 3’ and reverse primer 
5’ GCCAAGTATATAACATAACCGGTAGGC 3’.  
 
Microscopy 
All wide-field imaging was performed as previously described (156) on an 
inverted AxioObserver.Z1 microscope with a 100x/1.3 oil EC Plan-Neofluar 
objective (Zeiss, Thornwood, NY) and Orca ER cooled CCD camera 
(Hamamatsu, Bridgewater, NJ). For visualization of GFP, TFP, Citrine, mCherry, 
and DAPI, fluorophores were excited by a metal halide lamp using standard GFP 
(Zeiss filter set 38 HE; excitation 470/40, dichroic FT 495, emission 525/50), CFP 
(Zeiss filter set 47 HE; excitation 436/25, dichroic FT 455 HE, emission 480/40), 
YFP (Zeiss filter set 46 HE; excitation 500/25, dichroic FT 515 HE, emission 
535/30), rhodamine (Zeiss filter set 43 HE; excitation 550/25, dichroic FT 570, 
emission 605/70), and DAPI (Zeiss filter set 49; excitation G365, dichroic FT 395, 
emission 445/50) filter sets, respectively. Hardware was controlled by ZEN 
(Zeiss) software.  
All confocal imaging was performed on a Nikon A1R-MP laser scanning 
confocal microscope (Nikon Instruments, Melville, NY) using a 60X/1.49 Apo 
TIRF Oil-immersion objective. Standard lasers and filters were used to image 
DAPI, excited at 405 nm and emission collected from 425-475 nm, GFP excited 
at 488 nm and emission collected from 500-550 nm, mCherry excited at 561 nm 
and emission collected from 570-620 nm, and AFP excited at 630 nm and 
emission collected from 663-738 nm. Standard lasers and a spectral detector 
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were used to image TFP excited at 457 nm and emission collected from 470-520 
nm and Citrine excited at 514 nm and emission collected from 510-590 nm. The 
fluorophores were imaged sequentially to prevent cross excitation. Hardware was 
controlled by Nikon Elements software. 
 
Staining of mitochondrial DNA (mtDNA) using DAPI 
mtDNA was visualized by DAPI staining in live cells (at mid-log OD600 = 
0.1-0.3) at a final concentration of 1 µg/ml DAPI directly in cell culture media 
(Synthetic Complete - SC). Cells were stained for 10 min shaking at room 
temperature, washed three times with cell culture media, and imaged 
immediately for no longer than 5 min.  
 
Measurement of fluorescence loss over time 
For wide-field microscopy (GFP, mTFP, Citrine, and mCherry), cells 
expressing Cit1p-FP were imaged on an inverted AxioObserver.Z1 microscope 
using a metal halide lamp and using the appropriate filter wheels as described 
above. Cells were grown to mid-log (OD600 = 0.1-0.3) in liquid SC media, 
concentrated, mounted on slides with cover slips and imaged for no longer than 
10 min. Images were taken across a single plane at the center of the cell at 1 sec 
intervals for 120 sec using 216 gain and 200 ms exposure time. The integrated 
fluorescence intensity was measured over time using ImageJ with thresholding. 
Raw integrated fluorescence intensity at each time point was measured and 
normalized as the % fluorescence remaining. 
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For confocal microscopy (GFP, mCherry, AFP), slides were prepared as 
described above and imaged on a Nikon A1R-MP laser scanning confocal 
microscope. Laser powers were adjusted for each channel to have an equal 
power reading on a diode: 100% laser power for GFP, 28% laser power for 
mCherry, and 50% laser power for AFP. Image analysis was performed as 
described above.  
 
Functional assay of proteins using growth rate 
Fluorescent protein tags were tested for functionality by measuring growth 
rate in liquid culture and solid media. Growth rate in liquid culture was measured 
by growing cells to mid-log phase in YPD and diluting to an OD600 of 0.07. 10 µL 
of each of the diluted strains was added to each well containing 200 µL of YPD. 
Cells were propagated in a 96-well plate at 30°C and optical density 
measurements were made every 20 min for 72 hours using a NanoQuant 
(Tecan, San Jose, CA). Maximum growth rate (slope) was defined as the 
greatest change in OD over a 1 hr interval in 72 hrs.  
Growth rate on solid medium was determined by a serial dilution assay. 
Cells were grown to mid-log phase in YPD and diluted to an OD600 of 0.1. 10-fold 
serial dilutions were prepared in YPD and YPG, and 5 µL was plated on YPD and 
YPG, respectively. Cells were grown in a 30°C incubator for 3-4 days. 
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6.1.7. Supplemental Information  
 
 
Fig. 6.1.S1. Key components of pFA6 and pOM series vectors. A) Plasmid 
map of the pFA6-series vectors. pFA6-mTFP1 and pFA6-AFP constructs were 
synthesized as described in Materials and Methods by replacing GFP with 
mTFP1 or AFP. The start codon was removed and replaced with CAGT to keep 
the fluorophore sequence in frame. F1: 5’[gene-specific  
sequence]CGGATCCCCGGGTTAATTAA3’ R1: 5’[gene-specific 
sequence]GAATTCGAGCTCGTTTAAAC3’. B) Plasmid map of pOM-series 
vectors. pOM-mTFP1, pOM-mCitrine, pOM-mCherry, and pOM-AFP constructs 
were synthesized as described in Materials and Methods by replacing GFP with 
mTFP1, mCitrine, or mCherry. F2: 5’[gene-specific sequence] 
GCTGCAGGTCGACAACCCTTAAT3’ R2: 5’[gene-specific sequence] 
GCGGCCGCATAGGCGACT3’.  
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Fig. 6.1.S2. N-terminal tagging of Cit1p with mTFP1, mCitrine, or mCherry 
does not disrupt localization or function of the protein. A) BY4741 cells 
expressing mTFP1-Cit1, mCitrine-Cit1, or mCherry-Cit1 were stained with 1 
µg/ml DAPI for 10 min as described in Materials and Methods. DAPI-stained cells 
were imaged on a wide-field microscope. Z-series were collected through the 
entire cell at 0.5 µm intervals using a metal halide lamp and appropriate filters at 
216 gain and 200 ms exposure time. Cell outlines were drawn over phase 
images. Scale bar = 1 µm. B) BY4741 and cit1∆ cells, and BY4741 cells 
expressing mTFP1-Cit1, mCitrine-Cit1, or mCherry-Cit1 were grown to mid-log 
phase in YPD and diluted to OD600 = 0.01. 10-fold serial dilutions were performed 
and 5 µl was placed on solid media (YPD) and grown at 30°C for three days. 
Images are representative of three independent trials. C) Growth rates of 
BY4741 and cit1∆ cells, and BY4741 cells expressing mTFP1-Cit1, mCitrine-
Cit1, or mCherry-Cit1 were measured in liquid YPD media as described in 
Materials and Methods. OD600 measurements were taken every 20 min and 
plotted as a function of time. D) Maximum growth rate was defined as the max 
slope (or greatest change in OD600) within a one-hour period. Error bars 
represent SEM. n = 10 wells per strain. Data is representative of three 
independent trials 
  
	  
	   193	  
 
 
Fig. 6.1.S3. Growth rates of cells 
expressing FP-tagged Cit1p. 
Growth rates of BY4741 and cit1∆ 
cells, and BY4741 cells expressing 
Cit1-GFP, Cit1-mTFP1, Cit1-
mCitrine, and Cit1-mCherry were 
measured in liquid YPD media as 
described in Materials and Methods. 
A) OD600 measurements were taken 
every 20 min and plotted as a 
function of time. B) Maximum growth 
rate was defined as the max slope 
(or greatest change in OD600) within 
a one-hour period. Error bars 
represent SEM. n = 10 wells per 
strain. Data is representative of three 
independent trials. C) BY4741 and 
cit1∆ cells, and BY4741 cells 
expressing Cit1-GFP, Cit1-mTFP1, 
Cit1-mCitrine, or Cit1-mCherry were 
grown to mid-log phase in YPD and 
diluted to OD600 = 0.01. 10-fold serial 
dilutions were performed and 5 µl 
was placed on solid media (YPD) 
and grown at 30°C for three days. 
Images are representative of three 
independent trials. 
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Figure 6.1.S4. Growth rates of 
cells expressing Cit1-mTFP1, 
Pho88-mCitrine, and Erg6-
mCherry. Growth rates of BY4741 
and cells expressing Cit1-mTFP1, 
Pho88-mCitrine, and Erg6-mCherry 
(Triple-Tag) were measured as 
described in Materials and Methods. 
A) BY4741 and cit1∆ cells, and 
BY4741 cells expressing Cit1-GFP, 
Cit1-mTFP1, Cit1-mCitrine, or Cit1-
mCherry were grown to mid-log 
phase in YPD and diluted to OD600 = 
0.01. 10-fold serial dilutions were 
performed and 5 µl was placed on 
solid media (YPD) and grown at 
30°C for three days. Images are 
representative of three independent 
trials. B) OD600 measurements were 
taken every 20 min and plotted as a 
function of time. C) Maximum growth 
rate was defined as the max slope 
(or greatest change in OD600) within 
a one-hour period. Error bars 
represent SEM. n = 10 wells per 
strain. Data is representative of three 
independent trials. 
 
 
 
 
 
  
	  
	   195	  
 
Purpose Forward Reverse 
mTFP into pFA6 CCGGTTAATTAACAGTATG
GTGAGCAAGGGCGAGGA 
AATTGGCGCGCCTTACTT
GTACAGCTCGTCCA 
mTFP into pOM GCAGGGATCCGTGAGCAA
GGGCGAGGAGAC 
GCAGACTAGTCTTGTACA
GCTCGTCCATGCC 
Citrine into pOM GCAGGGATCCTCTAAAGG
TGAAGAATTATTACTGGTG
TTGT 
GCAGACTAGTTTTGTACAA
TTCATCAATACCATGGGTA
ATACC 
mCherry into pOM GCAGGGATCCGTGAGCAA
GGGCGAGGAGGATAA 
GCAGACTAGTCTTGTACA
GCTCGTCCATGCC 
AFP into pFA6 CCGGTTAATTAACAGTATG
GTGAGCAAGGGCGAGGA 
AATTGGCGCGCCTTACTT
GTACAGCTCGTCCA 
AFP into pOM GCAGGGATCCGTGAGCAA
GGGCGAGGAG 
GCAGACTAGTCTTGTACA
GCTCGTCCATGCC 
 
Table 6.1.S1. Primers used to synthesize tagging vectors 
 
Plasmid Purpose Reference 
pFA6 -GFP(S65T)-
KanMX6 
C-terminal GFP tagging 
using KanMX6 as a 
selection marker 
(232) 
pFA6 -GFP(S65T)-
His3MX6 
C-terminal GFP tagging 
using HIS3 as a selection 
marker 
(232) 
pFA6 -mTFP-KanMX6 C-terminal mTFP tagging 
using KanMX6 as a 
selection marker 
This study 
  
pFA6 -mTFP-His3MX6 C-terminal mTFP tagging 
using HIS3 as a selection 
marker 
This study 
  
pFA6 -AFP-KanMX6 C-terminal AFP tagging 
using KanMX6 as a 
selection marker 
This study 
  
pFA6 -AFP-His3MX6 C-terminal AFP tagging 
using HIS3 as a selection 
marker 
This study 
  
PCY3090-02 C-terminal mCherry 
tagging using hphMX4 as 
a selection marker 
(233) 
PCY3080-07 C-terminal Citrine tagging 
using Sh ble as a 
selection marker 
(233) 
pOM42 N-terminal GFP tagging 
using LEU2 as a 
selection marker 
(231) 
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pOM43 N-terminal GFP tagging 
using URA3 as a 
selection marker 
(231) 
pOM42-mTFP N-terminal mTFP tagging 
using LEU2 as a 
selection marker 
This study 
  
pOM43-mTFP N-terminal mTFP tagging 
using URA3 as a 
selection marker 
This study 
  
pOM42-Citrine N-terminal Citrine tagging 
using LEU2 as a 
selection marker 
This study 
  
pOM43-Citrine N-terminal Citrine tagging 
using URA3 as a 
selection marker 
This study 
  
pOM42-mCherry N-terminal mCherry 
tagging using LEU2 as a 
selection marker 
This study 
  
pOM43-mCherry N-terminal mCherry 
tagging using URA3 as a 
selection marker 
This study 
  
pOM42-AFP N-terminal AFP tagging 
using LEU2 as a 
selection marker 
This study 
  
pOM43-AFP N-terminal AFP tagging 
using URA3 as a 
selection marker 
This study 
  
 
Table 6.1.S2. Tagging vectors used in this study.  
 
 
Gene Vector Forward Reverse 
CIT1 pFA6 AAAATACAAGGAGTTGGT
AAAGAAAATCGAAAGTAA
GAACCGGATCCCCGGGT
TAATTAA 
AATAGTCGCATACCCTGA
ATCAAAAATCAAATTTTCC
TTAGAATTCGAGCTCGTT
TAAAC 
CIT1 PCY AAAATACAAGGAGTTGGT
AAAGAAAATCGAAAGTAA
GAACGGTGACGGTGCTG
GTTTA 
TTTGAATAGTCGCATACC
CTGAATCAAAAATCAAATT
TTCCATCGATGAATTCGA
GCTCG 
CIT1 pOM AAAATATGCAAAAGGCTC
TTTTTGCACTATTGAATGC
TCGCCACTATAGTAGCTG
CAGGTCGACAACCCTTAA
T 
TCTGCCTTTGCTGGGATA
ATTTCAGCAAATCTCTCCT
TCAACGTTTGTTCGGAGG
CGCGGCCGCATAGGCGA
CT 
PHO88 PCY AGAAGCTGAAAGAGCCG AAAACTAGGAAAAAAAAA
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GTAACGCTGGTGTTAAGG
CTGAAGGTGACGGTGCT
GGTTTA 
TACTTCGCTTTTGATCGAA
TCAATCGATGAATTCGAG
CTCG 
  
ABP1 pFA6 AAAAGGTCTCTTCCCCAG
CAATTATGTGTCTTTGGG
CAACGGTGGAGGCGGTG
GAGGCGGTGGAATGGTG
AGCAAGGGCGAGGA 
ACGTAAGAATAATATAATA
GCATGACGCTGACGTGTG
ATTGAATTCGAGCTCGTT
TAAAC 
ERG6 PCY GAAAACGCCGAAACCCCC
TCCCAAACTTCCCAAGAA
GCAACTCAAGGTGACGGT
GCTGGTTTA 
ATCTGCATATATAGGAAA
ATAGGTATATATCGTGCG
CTTTATTTGATCGATGAAT
TCGAGCTCG 
 
Table 6.1.S3. Primers used in this study to synthesize fluorescent protein 
fusions. 
 
Strains Genotype Source 
BY4741 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 Open Biosystems 
RHY116 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 CIT1-
GFP(S65T)-HIS3 
This study 
RHY220 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 CIT1-
yEpolylinker-mCherry-hphMX4 
This study 
RHY225 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 CIT1-
yEpolylinker-yECitrine-Sh ble 
This study 
RHY301 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 CIT1-mTFP-
HIS3 
This study 
RHY303 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 CIT1-mTFP-
HIS3 Pho88-yEpolylinker-yECitrine-Sh ble Erg6-
yEpolylinker-mCherry-hphMX4 
This study 
RHY349 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 yECitrine-CIT1  This study 
RHY355 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 CIT1-AFP-
HIS3 
 
RHY358 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 CIT1-mTFP-
HIS3 Pho88-yEpolylinker-yECitrine-Sh ble Erg6-
yEpolylinker-mCherry-hphMX4 ABP1-AFP-KanMX6 
This study 
RHY360 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 mCherry-CIT1  This study 
RHY366 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 mTFP-CIT1  This study 
TBA MATa his3∆1 leu2∆0 met15∆0 ura3∆0 GFP-CIT1 This study 
TBA MATa his3∆1 leu2∆0 met15∆0 ura3∆0 AFP-CIT1 This study 
 
Table 6.1.S4. Strains used in this study. 
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Appendix 2 – Live-cell imaging of mitochondria and the actin cytoskeleton 
in budding yeast. 
 
Excerpted from Higuchi-Sanabria R, Swayne TC, Boldogh IR, and Pon LA 
(2015). Live-cell imaging of mitochondria and the actin cytoskeleton in budding 
yeast. Methods in Molecular Biology. In press. 
 
All data and manuscript generated by Higuchi-Sanabria R 
Swayne TC and Boldogh IR contributed to editing of manuscript 
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6.2.1. Summary 
Maintenance and regulation of proper mitochondrial dynamics and functions 
are necessary for cellular homeostasis. Numerous diseases, including 
neurodegeneration and muscle myopathies, and overall cellular aging are 
marked by declining mitochondrial function and subsequent loss of multiple other 
cellular functions. For these reasons, optimized protocols are needed for 
visualization and quantification of mitochondria and their function and fitness. In 
budding yeast, mitochondria are intimately associated with the actin cytoskeleton 
and utilize actin for their movement and inheritance. This chapter describes 
optimal approaches for labeling mitochondria and the actin cytoskeleton in living 
budding yeast cells.  
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6.2.2. Introduction 
Live-cell imaging is the optimal approach to visualize dynamic structures, and 
several imaging techniques have been developed to efficiently visualize both 
actin and mitochondria in living yeast cells. These techniques enable 
visualization of events that cannot be seen in fixed cells, including mitochondrial 
motility, fusion, and fission, and retrograde actin cable flow. Some vital dyes can 
also be used to assess the function and quality of mitochondria, including 
mitochondrial membrane potential (∆ψ), mitochondrial DNA (mtDNA) content, 
and mitochondrial redox state.  
6.2.3. Detection of cellular structures using targeted fluorescent proteins 
Both mitochondria and the actin cytoskeleton can be visualized in living 
yeast cells using fluorescent proteins (FPs). Mitochondria can be visualized by 
tagging a protein native to mitochondria, or by adding a short mitochondrial 
targeting sequence to a fluorescent protein. 
6.2.4. Choosing a fluorescent protein 
Green fluorescent protein (GFP), discovered and cloned from the jellyfish 
Aequorea victoria, revolutionized live-cell imaging in cell biology. Now, GFP is 
one of a large and growing palette of FPs with different colors and molecular 
properties. Identification of novel FPs, such as mCherry derived from Discosoma 
sp. coral and Teal from Clavularia sp. coral, combined with laboratory 
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mutagenesis, has yielded FPs with a variety of colors as well as improved 
brightness, faster folding, and decreased oligomerization (228). 
To perform well in a live-cell experiment, an FP must be photostable 
enough to withstand repeated imaging. It also must be bright enough to allow the 
structure of interest to be seen over background fluorescence and detector noise, 
and spectrally distinct from any other labels being used. Finally, it must not be 
toxic or disrupt the behavior of the cell or the protein to which it is fused. The 
effective brightness of an FP is determined by its intrinsic brightness (the product 
of extinction coefficient and quantum yield), and the behavior of the FP upon 
ectopic expression (rate of folding and stability). The amount of this signal that is 
excited and detected depends on properties of the imaging system (light sources, 
lenses, filters and detectors). As an aid to selecting fluorescent proteins, Tally 
Lambert and Kurt Thorn have prepared an extensive database of physical 
properties of FPs, available at http://nic.ucsf.edu/FPvisualization/. 
6.2.5. Tagging endogenous proteins  
For chromosomal tagging of proteins in yeast, a double-stranded linear 
DNA that encodes the tag of interest and a selection marker is inserted into a 
target site in the genome by homologous recombination. This insertion cassette 
is most commonly produced by PCR using a tagging vector as a template. 
Tagging vectors have been developed for a variety of FPs (e.g. GFP, mCherry, 
mCitrine), epitopes (e.g. HA, myc), and affinity tags (e.g. GST, TAP, His) and 
have been linked to a variety of selection markers conferring drug resistance or 
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rescue of auxotrophy. Families of tagging vectors have been constructed that 
share PCR-priming sequences. With these, a single set of primers can be used 
to insert any tag into a given target gene. Vectors are also available for 
expression of tagged genes from endogenous promoters, constitutively active 
promoters (e.g. AHD1, GPD1), and regulatable promoters (e.g. GAL1). FP and 
epitope tags can also be used for biochemical techniques including affinity 
purification, immunoprecipitation, western blot analysis, and 
immunofluorescence. 
Some tagging cassettes, including the pOM family, allow removal of the 
selectable marker after tagging (231). In these cassettes, the selection marker is 
flanked by LoxP sites and thus can be removed by bacteriophage Cre 
recombinase that is conditionally expressed from a plasmid (234). This 
technology is useful in several situations: 1) for N-terminal tagging without 
separation of the tagged protein from its endogenous promoter; 2) for inserting a 
tag internally within the coding region of the gene of interest; 3) for multiple 
rounds of tagging at the same locus; and 4) for use in yeast strains with a limited 
number of selectable markers. Some readily available tagging vectors are shown 
in Table 6.2.1. 
Plasmid 
family 
Tag 
position  
Promoter Tags Markers 
pFA6a1 C terminal endogenous GFP(S65T) 
3xHA 
13xMyc 
GST 
TRP1 
kanMX6 
HIS3MX6 
pFA6a-
PGAL11 
N terminal 
or internal 
GAL1 GFP(S65T) 
3xHA 
TRP1 
kanMX6 
	  
	   203	  
GST HIS3MX6 
pUR2 C terminal endogenous DsRed HIS3 
URA3(K.l.) 
pYM3 C terminal endogenous yEGFP 
EGFP 
EBFP  
ECFP 
EYFP 
DsRed, DsRedI 
RedStar, 
RedStar2 
eqFP611 
FlAsH 
1xHA, 3xHA, 
6xHA 
3xMyc, 9xMyc 
1xMyc+7xHis 
TAP 
Protein A 
kanMX4 
hphNT1 
natNT2 
HIS3MX6 
klTRP1 
pKT4 C terminal endogenous yEGFP 
yECFP 
yEVenus 
yECitrine 
yESapphire 
yEmCFP5 
yEmCitrine 
tdimer26 
yECitrine+3xHA 
yECitrine+13xMyc 
yECFP+3xHA 
yECFP+13xMyc 
KanMX 
SpHIS5 
CaURA3 
pOM7 N terminal 
or internal 
endogenous8 yEGFP 
6xHA 
9xMyc 
Protein A 
TEV-ProteinA  
TEV-GST-6xHis 
TEV-ProteinA-
7xHis 
kanMX6 
URA3(K.l.) 
LEU2(K.l.) 
pCY9 C-terminal endogenous Cerulean 
yECFP 
yEmCFP 
yEGFP 
Venus 
yEVenus 
yECitrine 
HygromycinB 
Zeocin 
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Table 6.2.1: Yeast tagging cassette vectors 
1 (232) 
2 (235) 
3 (236) 
4 (216) 
5 monomeric version  
6 tandem dimer of DsRed 
7 (231) 
8 After Cre-mediated removal of auxotrophic marker 
9 (233) 
When a tagging vector is used, primers should be designed with 
sequences to hybridize with both the tagging vector and the target site for 
homologous recombination within the yeast chromosome. An insertion cassette 
is then produced by PCR using the tagging vector as a template. The amplified 
DNA is transformed into yeast using a standard protocol (237). The selection 
marker used in the insertion cassette is used to identify recombinants that carry 
the inserted tag, and PCR-based screening can be used to ensure that the 
homologous recombination occurred at the correct site.  
6.2.6. Targeting FPs to mitochondria using a signal sequence 
Mitochondria contain two membranes, the inner and outer membranes, 
and two soluble compartments, the intermembrane space and the matrix. Other 
submitochondrial compartments include the mtDNA nucleoids and contact sites 
between inner and outer membranes (238, 239). Over 95% of mitochondrial 
yEmCitrine 
mCherry 
mEos2 
yEc-MYC 
yEHA 
yEFlAsH 
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proteins are encoded in nuclear DNA, synthesized in the cytoplasm, and 
imported into the organelle. Targeted import depends on signal sequences, 
which can exist at the amino terminus or within nuclear-encoded mitochondrial 
proteins (240). Therefore, nuclear-encoded mitochondrial proteins are typically 
tagged at their C-terminus to preserve signal sequence function. A full-length 
protein containing a mitochondrial targeting sequence, or simply the signal 
sequence alone, can be used to target FPs to specific compartments within 
mitochondria. It is also possible to localize the FPs to specific mitochondrial 
components by tagging endogenous proteins that are imported to sites of 
interest, such as Tom70p (Translocation through the Outer Mitochondrial 
membrane) for outer membrane labeling and Cit1p (Citrate synthase 1) for matrix 
targeting (Fig. 6.2.1A). Plasmid-borne targeted FPs can also be used to label 
yeast mitochondria and produce a robust, fluorescent signal that is specific to the 
organelle (Table 6.2.2). However, as a result of cell-to-cell variability in plasmid 
copy number, fluorescence intensity is variable using plasmid borne 
mitochondria-targeted FPs.  Expression of FP-tagged Tom70p or Cit1p has no 
obvious effect on mitochondrial morphology, motility, or respiratory activity. They 
are excellent tools for investigating mitochondrial distribution and morphology 
(Fig. 6.2.1B).  
Site Targeting 
Promote
r Vector FP Reference 
M
at
rix
 
OLI12 
signal 
sequence 
ADH1 2µ pRS426 derivative HcRed (8) 
CIT13 
signal CIT1 CEN-URA3 
bGFP (F99S, 
M153T, (241) 
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sequence V163A) 
CIT1 
signal 
sequence 
GAL1 CEN-URA3 bGFP (241) 
OLI1 GAL1 CEN-URA3 DsRed (86) 
OM 
TOM6 
signal 
sequence 
GAL1 CEN-URA3 bGFP (241) 
IM YTA10 GAL1 CEN-URA3 bGFP (241) 
mtDNA ABF2 GAL1 CEN-URA3 bGFP (241) 
Table 6.2.2: Mitochondria-targeted signal sequence-FP fusion proteins 
Fig. 6.2.1. Visualization of 
mitochondrial morphology 
and distribution. A) 
Mitochondria were visualized 
by tagging Cit1p, a 
mitochondrial matrix protein, 
with GFP (left panel); Tom70p, 
a mitochondrial outer 
membrane protein, with 
mCherry (middle panel); and 
using the lipophilic dye, 
MitoTracker Red (right panel). 
Scale bar = 1 µm. Images 
were acquired using a 
standard GFP filter with 100 
ms exposure time for GFP and 
a standard DsRed filter with 
200 ms exposure time for 
mCherry and MitoTracker Red. 
B) Mitochondrial distribution was measured by separating the yeast cell into 5 
different compartments as shown in inset: tip of the bud distal to the mother (bud 
tip), tip of the bud adjacent to the mother (bud neck), tip of the mother cell 
adjacent to the bud (mother neck), middle of the mother cell (mother middle), and 
tip of the mother cell distal to the bud (mother tip). MT = mother tip; MM = mother 
middle; MN = mother neck; BN = bud neck; BT = bud tip. Mitochondrial content in 
each region was assessed by measuring the integrated intensity of Cit1-GFP 
fluorescence in yeast cells bearing a large bud (0.60 to 0.80 ratio of bud to 
mother size). Error bars indicate SEM. n = 40. Data is representative of 3 
experiments. 
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Mitochondria are highly dynamic structures that undergo constant 
anterograde and retrograde movement, as well as cycles of fusion and fission 
(89, 204, 242). Additionally, mitochondria are anchored at the bud tip and in the 
cortex of the mother cell by Mmr1p and Num1p, respectively (11, 79, 80). 
Mitochondrial dynamics, including velocity of mitochondrial motility, total 
mitochondrial motility, anchorage, and fusion and fission can be monitored by 
time-lapse imaging of mitochondria-targeted FPs, such as GFP-tagged Cit1p  
(Fig. 6.2.2). 
Fig. 6.2.2. Visualization of mitochondrial dynamics in budding yeast. A) 
Velocity of mitochondrial motility was determined by taking single-plane images 
of Cit1-GFP every 1 s for 30 s. Images were captured using standard GFP filters 
and 100 ms exposure time. The optimal imaging plane is slightly above the 
center of the cell. Arrowheads follow the tip of a tubular mitochondrion moving in 
an anterograde direction. Scale bar = 1 µm. B) Total motility of mitochondria was 
determined by taking z-stacks of Cit1-GFP every 30 s for 10 min. Images were 
captured using a standard GFP filter, a 50% neutral density filters, and 100 ms 
exposure time. Thresholded maximum-intensity projections at 1-min intervals are 
shown. Stars indicate the largest movement events that were visualized during 
the 10 minute period. The “Sum” image (bottom-right corner) is the sum of the 
difference images calculated by the Total Motility plugin. This image depicts all 
motility events where white indicates movement and black mitochondrial centers 
indicate lack of movement. Edges of mitochondria commonly appear grey due to 
small non-directed movements. Arrowheads mark mitochondrial anchorage sites  
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(Fig. 6.2.2. continued) in the bud tip, mother tip, and mother cortex where 
mitochondrial movement is completely lacking. Scale bar = 1 µm.  
6.2.7. Detecting mitochondrial DNA with DNA-binding dyes 
In animal cells and fungi, mitochondria are the only extranuclear 
organelles containing DNA. Cytoplasmic DNA staining is therefore a reliable 
marker for mitochondria. In addition, the quantity and distribution of mitochondrial 
DNA (mtDNA) can illuminate mitochondrial structural integrity and fitness. In 
yeast and other eukaryotes, mtDNA associates with a complex of proteins 
involved in organization, replication, and expression of genes of mtDNA (238). 
This complex of proteins and multiple copies of mitochondrial DNA assemble into 
punctate structures localized to the inner leaflet of the inner mitochondrial 
membrane. Tagging of these proteins can be used to monitor nucleoid assembly 
and distribution. In yeast, a species in which mtDNA is dispensable for viability, 
DNA-binding dyes can also be used to determine if a strain lacks mtDNA (rho0). 
DAPI (4’,6’-diamidino-2-phenylindole) is the most commonly used DNA-
binding dye in yeast (Table 6.2.3). Unfortunately, other DNA-binding dyes show 
limited ability to cross the cell wall in live cells. DAPI fluorescence increases 
greatly when bound to DNA in comparison to the unbound form or DAPI bound 
with RNA, making DAPI a reliable and robust nuclear and mtDNA marker with 
little cytoplasmic background. Additionally, DAPI staining of mtDNA is not 
dependent upon the metabolic state of the organelle. Finally, DAPI can be used 
in both live and fixed cells, producing a robust and persistent fluorescent signal. 
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One disadvantage of DAPI is that due to its strong nuclear staining, 
mtDNA nucleoids close to the nucleus are not well resolved. In live cells, DAPI 
shows a preference for mtDNA over nuclear DNA, but nuclear staining does still 
occur, making accurate quantification of mtDNA using DAPI difficult. In addition, 
the UV illumination (350-400 nm) required to visualize DAPI is damaging. 
Therefore, it is not suitable for time-lapse or long-term live-cell imaging. In 
addition, because DAPI binds directly to DNA, it can reduce cell viability. 
6.2.8. Visualization of organelle function: mitochondrial membrane 
potential and redox state 
6.2.8.1. Measuring mitochondrial membrane potential 
Positively charged lipophilic fluorophores can be utilized to measure 
mitochondrial ∆ψ because functioning mitochondria have the most negative ∆ψ 
in the cell, causing the fluorophores to accumulate in mitochondria. Unhealthy or 
damaged mitochondria having low ∆ψ, such as those treated with the proton 
ionophore carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) or 
lacking mtDNA, fail to import these vital dyes into the organelle, making these 
dyes a useful tool in monitoring mitochondrial function in live cells. 
DiOC6, the styryl dye DASPMI, the cationic rhodamine derivative 
rhodamine 123, and the fixable stains of the MitoTracker family work particularly 
well in yeast. DiOC6 and MitoTrackers are particularly useful for double-label 
experiments due to their narrow excitation and emission spectra, preventing 
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bleed-through in more quantitative experiments. In addition, MitoTracker Orange, 
Red, and Deep Red are the only dyes that persist in mitochondria after aldehyde 
fixation and permeabilization by acetone or Triton X-100, making them the only 
membrane-potential dyes that can be used with immunofluorescence.  
DiOC6 can be used to monitor mitochondrial ∆ψ as a quantitative 
measurement of overall mitochondrial quality (68). In this assay, cells are 
exposed to DiOC6, and the total level of imported dye is normalized to total 
mitochondrial mass measured by a ∆ψ-independent mitochondrial marker, such 
as Tom70p that is tagged at its chromosomal locus with mCherry (Fig. 6.2.3A). 
This normalization is crucial to correct for strains or conditions that may cause 
increased mitochondrial quantity, which may overestimate DiOC6 measurements 
as an indicator for ∆ψ. Treatment with a proton ionophore will cause collapse of 
mitochondrial ∆ψ by uncoupling the proton gradient from ATP synthesis, while 
growth in non-fermentable carbon sources, such as glycerol, will result in 
increased ∆ψ due to increased respiration. These treatments can be used to 
determine the dynamic range of this quantitative tool (Fig. 6.2.3B).  
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Fig. 6.2.3. Characterization of mitochondrial quality. A) DiOC6 was used to 
visualize mitochondrial ∆ψ in wild-type cells. Images were acquired using a 470 
nm LED at 100% power, 50 ms exposure time and standard GFP filters for 
DiOC6 and 200 ms exposure time and metal-halide lamp with standard DsRed 
filters for Tom70-mCherry. Left panels: DiOC6:Tom70-mCherry ratios overlaid on 
phase images. Color scale indicates ratio values; higher numbers and warmer 
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(Fig. 6.2.3. continued) colors indicate higher ∆ψ. Middle panels: DiOC6 images. 
Right panels: Tom70-mCherry images. Cell outlines were drawn from phase 
images. Scale bar = 1 µm B) Notched dot box plot of the average DiOC6:Tom70-
mCherry ratio in wild-type cells grown in glucose, 10 mM FCCP, and glycerol. 
Cells were treated with FCCP for 15 minutes prior to addition of DiOC6 or grown 
in YPG overnight and allowed to recover in SC with glucose for 3 hrs. n = 50 cells 
for each strain. Data is representative of 3 experiments. *** = p-value < 0.001 
using non-parametric Kruskal-Wallis testing with pairwise Bonferroni correction. 
C) Mito-roGFP was used to visualize the redox environment of mitochondria in 
wild-type cells. Left panels: reduced:oxidized roGFP ratios overlaid on phase 
images. Images were acquired using a standard GFP filter with excitation filter 
removed, and LED excitation at 365 nm (25% power) and 100 ms exposure for 
the oxidized channel and 470 nm (100% power) and 100 ms exposure for the 
reduced channel. Color scale indicates ratio values; higher numbers and warmer 
colors indicate more reducing mitochondria. Middle panels: reduced roGFP1. 
Right panels: oxidized roGFP1. Cell outlines were drawn from phase images. 
Scale bar = 1 µm. D) Notched dot box plot of the average reduced:oxidized mito-
roGFP1 ratio in wild-type cells untreated and treated with 5 mM H2O2 and 5 mM 
DTT. Cells were treated with H2O2 or DTT for 30 min prior to imaging. n = 50 
cells for each strain. Data is representative of 3 experiments. *** = p-value < 
0.001 using non-parametric Kruskal-Wallis testing with pairwise Bonferroni 
correction. E) DHE was used to visualize mitochondrial ROS levels in wild-type 
cells. Left panels: DHE:Cit1-GFP ratios overlaid on phase images. Cells were 
stained with DHE at 40 µM for 30 min and imaged using a standard rhodamine 
filter and 100 ms exposure for DHE and a standard GFP filter and 100 ms 
exposure for Cit1-GFP. Color scale indicates ratio values; higher numbers and 
warmer colors indicate lower ROS levels. Middle panels: DHE. Right panels: 
Cit1-GFP. Cell outlines were drawn from phase images. Scale bar = 1 µm. F) 
Notched dot box plot of the average DHE:Cit1-GFP ratio in wild-type cells 
untreated and treated with 2.5 mM paraquat (PQ) and 100 µM Tempol. Cells 
were treated with PQ or Tempol for 30 min prior to addition of DHE. n = 50 cells 
for each strain. Data is representative of 2 experiments. *** = p-value < 0.001 
using non-parametric Kruskal-Wallis testing with pairwise Bonferroni correction.  
6.2.8.2. Measuring mitochondrial redox state 
The components of the electron transport chain in mitochondria are key 
contributors to reactive oxygen species (ROS) production in cells. ROS can be 
detoxified by catalases and peroxidases both within the mitochondria and in the 
cytosol. However, accumulation of ROS and oxidative stress due to both age-
dependent and age-independent factors contributes to decreased fitness and 
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quality of the mitochondria overall. ROS and redox-sensing probes allow 
quantitative monitoring of these important aspects of mitochondrial function. 
roGFP1, a redox-sensitive GFP variant, reveals the mitochondrial redox 
state (123). This ratiometric probe is constructed with cysteine molecules 
exposed on the surface of the GFP molecule. Oxidation of these cysteine 
residues results in a conformational change, shifting the optimal excitation 
wavelength to ~400nm. Reduction of these cysteine residues favors excitation at 
~480nm. Thus, the ratio of GFP emission upon excitation of roGFP1 at 480nm 
and 400nm provides a relative readout of the redox state of the fluorophore’s 
environment  (Fig 6.2.3C) (122). roGFP1 can be targeted to the mitochondrial 
matrix by fusion to a mitochondrial localization sequence and ultimately used to 
determine redox fitness of mitochondria. Because oxidizing ROS molecules are a 
primary source of mitochondrial damage, reducing environments indicate 
healthier mitochondria and oxidizing environments indicate damaged or 
dysfunctional mitochondria. Treatment with H2O2 will result in a highly oxidizing 
environment, while treatment with dithiothreitol (DTT) will result in a highly 
reducing environment. These agents can be used to determine the dynamic 
range of roGFP1 (Fig 6.2.3D).  
Dihydroethidium (DHE) is used to directly measure levels of mitochondrial 
superoxide. DHE fluoresces blue; however, when it is oxidized by superoxide 
anion, it emits red fluorescence. Since mitochondria are the main endogenous 
source of superoxide, DHE an ideal probe to specifically measure mitochondrial 
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ROS levels. MitoSOX Red (Life Technologies) is a cationic derivative of DHE that 
has been used to detect mitochondrial ROS. Mitochondrial ROS levels can be 
quantified with DHE by normalizing to a bulk mitochondrial label such as GFP-
tagged Cit1p (Fig. 6.2.3E) (4). Paraquat, a drug that specifically increases 
mitochondrial superoxide formation, and TEMPOL, an agent that promotes 
elimination of superoxide, can be used to determine the dynamic range of DHE 
as an indicator for ROS (Fig. 6.2.3F). DHE is best used for short-term 
measurements of acute ROS, because its oxidized form can intercalate with 
DNA, causing it to accumulate in the nucleus after ~15 min. 
Dye 1.1.1.1.1 IUPAC name λex 
 
λem 
DiOC6 (243) 3,3'-dihexyloxacarbocyanine iodide 482 504 
DASPMI 4-(4-(dimethylamino)styryl)-N-methylpyridinium iodide (4-Di-1-ASP) 475 605
1 
Rhodamine 
123 
2-(6-Amino-3-imino-3H-xanthen-9-
yl)benzoic acid methyl ester 505 534
1 
MitoTracker Various various Various 
DAPI 4',6'diamidino-2-phenylindole 358 461 
DHE2 Dihydroethidium 485 530 
Table 6.2.3: Vital dyes for yeast mitochondria  
1 Broad emission range; not recommended for green/red double-label studies. 
2 DHE is not a mitochondrial vital dye, but has been included in this list as it can 
reliably be used for measurements of mitochondrial ROS levels (see Fig. 6.1.3). 
6.2.9. Visualization of the actin cytoskeleton with fluorescent proteins 
Actin patches and actin cables are two F-actin-containing structures that 
persist throughout the cell cycle in budding yeast. Actin patches are endosomes 
that are coated with F-actin filaments and localize to the bud and the mother-bud 
neck in polarized cells. Actin cables are dynamic bundles of F-actin that align 
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along the mother-bud axis and continuously flow in a bud-to-mother direction via 
retrograde actin cable flow (RACF) (23). These cables serve as tracks for the 
movement of cellular cargo including secretory vesicles, mRNA, spindle 
alignment elements, mitochondria, Golgi, and vacuoles. In addition, the actin 
cytoskeleton plays a major role in regulation of quality control of mitochondria 
(10).  
Early studies revealed that tagging the actin-encoding ACT1 gene of yeast 
with GFP compromised function of the protein. Specifically, ACT1-GFP 
expressed on a plasmid did not rescue loss of the endogenous ACT1 gene (244). 
Presumably, GFP tagging results in loss of function because every surface of the 
actin protein is involved in protein-protein interactions in microfilament nucleation 
and polymerization, interaction with motor proteins and other force generators, 
microfilament assembly, capping, cross-linking, and severing. As an alternative, 
actin-binding proteins are often more tolerant of tagging with FPs. GFP tagging of 
Abp140p and Abp1p produces a fluorescent signal that localizes to actin cables 
and actin patches, respectively (Fig. 6.2.4A) (23, 24). Live-cell imaging of the 
actin cytoskeleton allows quantification of velocity of RACF and the visualization 
of cargo trafficking, such as the movement of mitochondria along actin cables 
(Fig. 6.2.4B) (8). A drawback of Abp140-GFP is low signal, which can be 
boosted by culturing cells in non-fermentable carbon sources as actin cables are 
thicker in these culture conditions. As an alternative to tagging the full-length 
protein, the first 17 amino acids of Abp140p are sufficient to mediate actin 
localization of fluorescent proteins without altering actin cable dynamics. This 
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protein, termed LifeAct, provides reliable and robust staining of the actin 
cytoskeleton (245). Table 6.2.4 lists genes that have been tagged with FPs to 
serve as probes for actin patches and actin cables in budding yeast.  
Fig. 6.2.4 Colocalization of 
the actin cytoskeleton 
with cargo. Yeast cells 
were grown in YPG and 
washed in SC medium prior 
to imaging. Actin cables 
were visualized with 
Abp140-GFP (left panels). 
Two cellular cargo 
structures, actin patches 
(top) and mitochondria 
(bottom), were visualized by tagging Abp1p and Cit1p with mCherry, 
respectively. Images were captured using standard GFP filters and 300 ms 
exposure time for GFP and standard DsRed filters and 200 ms exposure time for 
mCherry. Right panels: merged images indicating colocalization of actin patches 
and mitochondria along the actin cytoskeleton. Cell outlines were drawn from 
phase images. Scale bar = 1 µm 
Actin-containing structure GFP tagged proteins 
Actin patch (early) Las17p (246, 247),Sla1p (246, 248), 
Pan1p (246, 249), End3p (250), 
Sla2p (246, 251), Bzz1p (252), Vrp1 
(253) 
Actin patch (mid) Myo3p (254), Myo5p (255), Bbc1p 
(252),  
Actin patch (late) Abp1p (56, 244, 246, 256), Arp2p 
(247), Arp3p (247), Arc15p (246, 
257), Sac6p (56, 258), Cap1p (259), 
Cap2p (260), Scp1p (261), Cof1p 
(262)  
Actin cable (vegetative) Abp140p (23) 
Actin cable (G0) Lifeact (Abp140 aa 1-17)(245)  
Table 6.2.4: GFP-tagged actin proteins in budding yeast  
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Appendix 3 – Imaging of the actin cytoskeleton and mitochondria in fixed 
budding yeast cells. 
 
Excerpted from Higuchi-Sanabria R, Swayne TC, Boldogh IR, and Pon LA 
(2015). Imaging of the actin cytoskeleton and mitochondria in fixed budding yeast 
cells. Methods in Molecular Biology. In press. 
 
All data and manuscript generated by Higuchi-Sanabria R 
Introduction written by Swayne TC and Boldogh IR 
Experimental design for Fig. 6.3.5. developed by Swayne TC  
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6.3.1. Summary 
 
The budding yeast Saccharomyces cerevisiae is widely used as a model 
system to study the organization and function of the cytoskeleton. In the past, its 
small size, rounded shape, and rigid cell wall created obstacles to explore the 
cell biology of this model eukaryote. It is now possible to acquire and analyze 
high-resolution and super-resolution multidimensional images of the yeast cell. 
As a result, imaging of yeast has emerged as an important tool in eukaryotic cell 
biology. This chapter describes labeling methods and optical approaches for 
visualizing the cytoskeleton and interactions of the actin cytoskeleton with 
mitochondria in fixed yeast cells using wide-field and super-resolution 
fluorescence microscopy. 
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6.3.2. Introduction 
 
It was more than thirty years ago when the actin cytoskeleton was first 
visualized in fixed cells of the budding yeast Saccharomyces cerevisiae using 
fluorescent phallotoxins (176). In the ensuing time, fluorescence microscopy 
turned out to be a useful method to study actin-containing structures in yeast. 
Many of the actin-cytoskeletal proteins are similar to those found in other 
eukaryotes, and their organization and functions are often conserved. Therefore, 
budding yeast has emerged as a model system to study many aspects of actin-
dependent cellular functions including establishment and maintenance of cell 
polarity, cell division, and movements of cellular organelles and other cargo.  
In yeast there are two major actin-containing cytoskeletal structures that 
are maintained during the whole cell division cycle: actin patches and actin 
cables. Actin patches are cortical structures that appear punctate by 
fluorescence microscopy. They consist of a coat of short actin filaments, 
nucleated by the Arp2/3 complex, around endosomal vesicles (reviewed in 
(263)). They contain conserved proteins including clathrin and its adaptors, 
Arp2/3 complex and its nucleation promoting factors (NPFs), kinases, actin 
bundling proteins (e.g. fimbrin) and membrane binding proteins. Actin patches 
localize to incipient bud sites, the bud tip during apical bud growth, the bud cortex 
during isotropic bud growth, and the bud neck immediately before and during 
cytokinesis. As a result, clustering of patches in the bud is used as an indicator of 
a functional cell polarization machinery.  
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Actin cables are bundles of actin filaments that align along the mother-bud 
axis, and can extend the whole length of a yeast cell. They contain conserved 
proteins including the actin-bundling proteins fimbrin (Sac6p) and Abp140p, and 
two tropomyosin isoforms (Tpm1p and Tpm2p) and are similar to actin bundles in 
microvilli, filopodia, and stereocilia. Through most of the cell cycle in S. 
cerevisiae, actin filaments within actin cables are oriented with their barbed (plus) 
ends toward the bud or bud neck. However, immediately before cytokinesis, actin 
cables rearrange such that their barbed ends of actin cables in mother cells and 
buds are directed toward the bud neck. In the budding yeast, actin cables are 
tracks for the movement of many intracellular elements including mRNA, spindle 
alignment elements, mitochondria, vacuoles and secretory vesicles (reviewed in 
(264)). 
Actin structures can be visualized either by standard immunofluorescence 
or by binding the small peptide phalloidin. The main difference between these 
reagents is that phalloidin binds only polymerized, filamentous actin (F-actin), 
whereas antibodies will bind both F-actin and unpolymerized, globular actin (G-
actin). Typically, the polymeric structures are of most interest, so phalloidin is the 
preferred reagent. It has the added advantage of a simpler staining protocol. 
However, in cases where visualizing G-actin is important (for example, to assess 
a change in equilibrium between F- and G-actin), the antibody may be a better 
choice. 
As one important function of the cytoskeleton is to control intracellular 
movement, we also describe methods to visualize the nucleus and one of the 
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cargos for cytoskeleton-driven movement, the mitochondrion. With appropriate 
antibodies, the immunofluorescence protocol can be used to visualize other 
cargo as well.  
While observations in fixed cells cannot capture the dynamic nature of the 
actin cytoskeleton, they are very important in acquiring structural data. This is 
especially valuable in light of the recent introduction and increased availability of 
super-resolution structured illumination microscopy (SIM) techniques. SIM 
provides spatial resolution surpassing the diffraction limit of conventional 
fluorescence microscopy. As a result, structures and fine details that would 
otherwise be undetectable are made evident. Here, we describe methods for 
visualizing the actin cytoskeleton using both conventional wide-field fluorescence 
microscopy and SIM.  We also describe how to quantify actin cables using freely 
available image analysis software. 
 
6.3.3. Materials and Methods 
Imaging of mtDNA using DAPI 
DAPI is a common DNA-binding dye that can be used to visualize both the 
nucleus and mtDNA nucleoids (Fig. 6.3.1). Generally, DAPI is added to mounting 
solution to a final concentration of 1 µg/mL. However, if excessive background is 
seen with DAPI mounting solution, or if using SIM, use the following protocol to 
minimize over-staining.  
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Fig. 6.3.1. Live-cell versus 
fixed-cell staining of DNA 
using DAPI. Wild-type cells 
were grown to mid-log and 
DAPI-stained in either live 
cells (left panel) or fixed cells 
(right panel). For live-cell 
imaging, cells were stained 
with 1 µg/mL DAPI directly in 
culture medium for 15 min, washed three times and imaged. For fixed cells, cells 
were stained with 1 µg /mL DAPI in PBS after fixation with 3.7% 
paraformaldehyde. Both live- and fixed-cell imaging were performed using wide-
field microscopy using 1x1 binning, 100 ms exposure time, and a metal halide 
lamp with standard DAPI filters. Z-series were collected through the entire cell at 
0.5 µm intervals for 7 µm. Images were deconvolved using a constrained iterative 
restoration algorithm (Volocity, Perkin-Elmer) with the following parameters: 460 
nm emission wavelength, 15 iterations, and 95% confidence limit.  
1. Wash ~1 x 107 cells from fixed cell pellet three times with 500 µL wash 
solution, concentrating each time by centrifugation (30 s at 10,000 x g). 
2. Add DAPI to a concentration of 1 µg/mL and incubate for 15 min at room 
temperature. 
3. Wash cells with 100 µL of 1x PBS. 
4. Mount cells for imaging. For enhanced immobilization of intact cells, 
resuspend in 100 µL of PBS and mount on a ConA-coated coverslip. For a 
simpler preparation, continue to the next step. 
5. Resuspend cells in mounting solution.  Place 1.5 µL of cell suspension 
onto a microscope slide. Place a 22x22 mm coverslip on top of the cells 
and seal the edges of the coverslip with nail polish.  
 
Attachment of intact cells to a coverslip with ConA 
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Cells can be attached to ConA-coated coverslips either before or after 
paraformaldehyde fixation (Fig. 6.3.2). 
 
 
Fig. 6.3.2. Schematic for ConA immobilization of cells onto a coverslip. 
Coverslips are coated with ConA to immobilize cells. Prolong Gold or other 
mounting solution is placed onto the slide, and coverslips are placed directly on 
the mounting medium with cells facing down. 
 
1. Place a coverslip (18-22 mm square) on a Parafilm platform. For 
structured illumination microscopy (SIM), we recommend using a high-
performance coverslip. Add 20 µL of 2 mg/mL ConA solution on top of the 
coverslip and spread using the side of a pipette tip. Incubate in staining 
chamber for 30 min at RT. 
2. Remove unbound ConA by rinsing gently with distilled H2O.  
3. Allow coverslip to dry for at least 1 hour at RT and store until needed. 
4. Place 30 µL of fixed cell suspension on the coverslip and spread using the 
side of a pipette tip. Incubate in staining chamber for 15 minutes. 
5. Wash off excess cells by gently pipetting PBS onto the coverslip.  
6. Remove excess liquid by touching the edge of the coverslip to filter paper. 
7. Place 5–10 µL of mounting solution  onto the center of a slide. For optimal 
signal preservation (which is essential for SIM), we recommend using 
Prolong Gold for organic dyes, such as Alexa488-Phalloidin, and Prolong 
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Diamond for fluorescent proteins. Fig. 6.3.3 shows a comparison of signal 
intensity between conventional mounting solutions and Prolong Gold. 
8. Place the coverslip cell side down onto the mounting solution. Apply 
gentle pressure on the coverslip to push out any air pockets that may have 
formed. 
9. Allow to cure at RT in the dark for 4 days.  
10. Seal coverslip edges with nail polish. Image as soon as possible. Do not 
store for extended periods of time as this will diminish the fluorescent 
signal. 
 
Fig. 6.3.3. Comparison 
of traditional mounting 
solution and Prolong 
Gold. Wild-type cells with 
mCherry-tagged Cit1p 
were fixed in grown to 
mid-log phase, fixed in 
3.7% paraformaldehyde, 
and stained with 1.65 µM 
Alexa488-phalloidin. Z-
series were collected 
through the entire cell at 
0.3 µm intervals for 6 µm 
using wide-field microscopy using 1x1 binning, 200 ms exposure time, a metal 
halide lamp (with standard dsRed filter for mCherry and standard GFP filter for 
Alexa488). Images were deconvolved using a constrained iterative restoration 
algorithm (Volocity, Perkin-Elmer) with the following parameters: 507 nm 
emission wavelength, 60 iterations, and 100% confidence limit for Alexa488 and 
620 nm emission wavelength, 60 iterations, and 100% confidence limit for 
mCherry. Scale bar represents 1 µm. 
 
Imaging methods 
Here we detail two methods for imaging fixed budding yeast cells: wide-
field microscopy with deconvolution; and structured illumination microscopy. 
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Deconvolution is a computational method for removing out-of-focus light from 
wide-field fluorescence images, revealing three-dimensional information (265). 
The constrained iterative restoration algorithm used here (Volocity, Perkin-Elmer) 
allows quantitation of the processed images. Wide-field microscopy with 
deconvolution is an accessible method that provides better signal:noise ratios 
than point-scanning confocal imaging, and is more sensitive than spinning-disk 
confocal imaging.   
Structured illumination microscopy (SIM) (266) allows resolution up to 
twice as good as conventional wide-field methods. SIM requires a specialized 
microscope system, and some changes to sample preparation. In addition, much 
more time is required to process images. However, for suitable samples SIM 
yields dramatically improved resolution (Fig. 6.3.4). 
 
Visualization of fixed cells by wide-field deconvolution 
To image yeast cells, which average 4-6 µm in diameter, a high-
magnification objective lens and high-resolution camera are required. Cameras 
that support low-intensity illumination and short exposure times are essential to 
minimize photobleaching. Filter sets should be chosen to maximize light 
throughput, but should not allow bleed-through in multi-color imaging 
experiments.  
An example of a wide-field microscopy system is the following, used for all 
wide-field images in this chapter: an inverted AxioObserver.Z1 microscope (Carl 
Zeiss Inc., Thornwood, NY) equipped with a metal halide lamp and Colibri LEDs 
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for excitation; 100x/1.3 EC Plan-Neofluar oil-immersion objective; and an Orca 
ER cooled CCD camera with 1280 x 1024 pixel resolution. (Hamamatsu, 
Bridgewater, NJ). ZEN software (Carl Zeiss) is used to control the camera and 
microscope, capture images at defined focus intervals, and export images for 
further analysis. Images are imported into Volocity software (PerkinElmer) for 
deconvolution and either Volocity or ImageJ (267) for quantification.  
1. Optimize signal levels by adjusting fixation and staining conditions, and 
using as fresh a sample as possible. 
2. Set exposure time and camera gain so that pixel values fill as much as 
possible of the dynamic range of the camera, without saturation.  
3. Acquire z-series of images at a focus interval of ~0.2 µm. 
4. Load datasets in Volocity and verify that the x, y, and z scale are correctly 
set. 
5. For each channel, generate a new calculated PSF. When prompted, enter 
the numerical aperture of the objective lens and the maximum wavelength 
of fluorescence emission (e.g. 507 nm for AlexaFluor 488-phalloidin).  
6. Using the calculated PSF for each channel, perform iterative 
deconvolution with 60 iterations, 100% confidence limit. 
Visualization of cells by structured illumination microscopy (SIM)  
SIM imaging can increase resolution by two-fold compared to conventional 
wide-field microscopy (266). This reveals complex details in fine structures, such 
as the actin cytoskeleton in yeast (Fig. 6.3.4, Table 6.3.1). The improvement in 
resolution with SIM comes from modulating the fluorescence excitation pattern by 
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means of a grating. The interaction between the illumination pattern and fine 
sample details produces a Moiré effect. By varying the illumination pattern in a 
defined way, and analyzing the resulting set of Moiré patterns, an image can be 
reconstructed to restore details not captured by standard illumination. 
Importantly, current “super-resolution” or “high-resolution” SIM (SR-SIM) differs 
from previously marketed structured illumination systems such as Apotome. The 
Apotome and similar systems provide optical sectioning only. SR-SIM, in 
contrast, doubles resolution in the x, y, and z dimensions.   
Fig. 6.3.4. Comparison of conventional wide-field microscopy with 
deconvolution and SIM. Wild-type cells containing mCherry-tagged Cit1p were 
grown to mid-log phase, stained with 100 nm MitoTracker Red, fixed in 3.7% 
paraformaldehyde, and stained with 2.5 µM Alexa488-phalloidin. Z-series were 
collected through 3 µm of the middle of the cell at 0.125 µm intervals using 
conventional wide-field microscopy (top panel) using 1x1 binning, 200 ms 
exposure time, and a metal halide lamp with standard GFP filter for Alexa488, 
and 400 ms exposure time and a metal halide lamp with standard dsRed filters 
for mCherry/MitoTracker Red; and SIM (bottom panel) using 1x1 binning, 200 ms 
exposure, 460 nm laser at 40% power and 150 gain for GFP and 400 ms 
exposure, 570 nm laser at 60% power and 225 gain for mCherry/MitoTracker 
Red. Image reconstruction was performed using Nikon Elements software with 
the following parameters: illumination modulation contrast=2, high-resolution  
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(Fig. 6.3.4. continued) noise suppression=1, out of focus blur suppression=0.2. 
Right panels additional 4x magnification of the boxed area for comparison of 
resolution. Scale bar, 1 µm. Quantification of actin cables using the two methods 
is shown in Table 6.3.1.  
 
Method Actin cables/cell 
(± SEM) 
Actin 
patches/cell (± 
SEM) 
n (cells) 
Wide-field with 
deconvolution 
4.69 ± 0.17 1.95 ± 0.29 39 
SIM  9.13 ± 0.30 2.43 ± 0.29 51 
 
Table 6.3.1. Visualization of actin patches and cables using conventional 
wide-field microscopy and SIM. The numbers of actin cables and patches were 
counted in the mother cell. Only actin cables parallel to the mother-bud axis and 
greater than half the length of the mother cell were counted.  
 
Sample preparation and imaging 
There are several criteria that must be met for optimal SIM imaging:  
1. Minimal movement in the sample. We recommend fixing and immobilizing 
cells, and using a hard-set mounting medium. In addition, the room and 
equipment should be stable in temperature and free from drafts. 
2. Maximized signal intensity and photostability.  Alexa488-phalloidin is 
preferred for labeling the actin cytoskeleton. For labeling mitochondria, 
endogenous fluorescent proteins (mCherry-tagged Cit1p) can be 
enhanced with MitoTracker Red staining. Mounting medium should show 
excellent anti-bleaching performance; Prolong Gold or SlowFade Gold is 
recommended. 
3. Predictable optical performance. A # 1.5 (0.170 mm) coverslip is 
recommended. Because standard coverslip thickness varies by tens of 
micrometers, which may induce spherical aberration, high-performance 
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coverslips (manufactured with smaller variation in thickness) should be 
used. In addition, mounting medium should have a consistent, stable 
refractive index. 
4. Adequate Z sampling. Z-series of images should be acquired at a focus 
interval of ~0.2 µm. 
5. Appropriate pixel values in raw data. Exposure time and camera gain 
should be set so that pixel values fill no more than 1/4 of the dynamic 
range of the camera. EM gain for EMCCD cameras should not exceed 
150. 
Reconstruction 
Parameters for SIM reconstruction vary with the software used. Here, we 
describe options for Nikon Elements software (Nikon Instruments, Melville, 
NY).  
The following three parameters should be adjusted for each sample. 
Recommended values for images of actin and mitochondria are given. 
1. Illumination modulation contrast. Higher values reveal more detail, but 
may induce artifacts. Recommended values: 0.5–2. 
2. High-resolution noise suppression. Higher values suppress artifacts due to 
pixel noise, but also suppress fine details. Recommended values: <1.  
3. Out-of-focus blur suppression. Higher values suppress out-of-focus signal, 
essential for densely labeled areas, but also reduce overall signal and 
resolution. Recommended values: 0.1–0.2. 
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Quantitative analysis of actin cable number, thickness, and intensity using 
line profile measurements 
The quantity and structure of actin cables within a cell are affected by age, 
metabolic state, and other factors, through a host of actin-binding and regulatory 
molecules. To quantify these effects, we use a line profile analysis method. 
Because actin cables in the mother cell are organized in parallel along the length 
of the mother cell, a line profile drawn across the center of the mother cell 
effectively samples the cable population and can be used to determine the 
number, thickness, and actin content of actin cables (Fig. 6.3.5). When the pixel 
intensity along the line is plotted, cables appear as high-intensity peaks. The 
number of peaks represents the number of cables, and the width of each peak 
corresponds to the thickness of the actin cable (Table 6.3.2). The height of the 
peak or the area under the curve can be used to estimate relative actin content. 
The following protocol describes how to use ImageJ (267) to perform these 
measurements.  
Fig. 6.3.5. Schematic 
for measurements of 
actin cable number, 
thickness, and content 
using line profiles. A) 
Wild-type cells were 
imaged using Alexa488-
phalloidin as for Fig. 3 
using Prolong Gold. A 
line ROI (yellow) is drawn 
near the center of the mother cell perpendicular to the mother-bud axis. B) 
Schematic of line profile measurement of actin cable thickness and actin content. 
The background level, determined by averaging the intensity of regions outside 
of the cell, is shown in red. A vertical line is then drawn from the maximum point 
of the peak to the background line as shown in blue. This represents the 
maximum intensity of the cable. A horizontal line (green) is then drawn across 
the peak at half of the maximum intensity. This represents the thickness of the 
actin cable. 
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Medium Actin cable thickness, 
µm (± SEM) 
n (cells) 
Glucose 0.241 ± 0.007 83 
Lactate 0.288 ± 0.006 123 
 
Table 6.3.2. Line profile measurements reveal carbon source-dependent 
changes in actin cable thickness. Wild-type cells were grown to mid-log phase 
in glucose or lactate medium. Cells were fixed in 3.7% paraformaldehyde and 
stained with 1.65 µM rhodamine-phalloidin for 35 minutes. Z-series were 
collected throughout the cell at 0.3-µm intervals through 6 µm using wide-field 
microscopy using 1x1 binning, 200 ms exposure and a metal halide lamp and 
standard dsRed filters.  
 
Creating line profiles 
1. Collect z-stack images of cells stained with fluorescent phalloidin. It is 
recommended that images be deconvolved using Volocity or comparable 
software to remove out-of-focus information and increase the 
signal:background ratio.  
2. Open z stack in ImageJ.  
3. Make a maximum-intensity projection of the z stack using Image > Stacks 
> Z Project; choose Projection Type: Max Intensity. 
4. If the image has more than one channel, make sure the actin channel is 
selected. 
5. Set up ImageJ with the following parameters: 
• Edit > Options > Input-Output. Under Results Table Options, check 
Copy Row Numbers and leave other options unchecked. 
• Edit > Options > Profile Plot Options. Set width and height equal to 
the width and height of your image. Set Minimum Y to 0 and Maximum 
Y to the Image Max, obtained from Analyze > Histogram.  
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• Analyze > Set Measurements. Check Area, Display Label.  
• Analyze > Set Scale. Make sure that the spatial scale is set 
accurately. 
6. Make sure the Line ROI tool is set to the Straight Line mode; right-click on 
the tool to change the mode if needed. Double-click on the Line ROI tool 
and set Line Width to 3. Do not check Spline Fit.  
7. Draw a line ROI perpendicular to the mother-bud axis, near the middle of 
the mother and avoiding actin patches as shown in Fig. 6.3.5A. Both ends 
of the line should extend into the background outside the cell. 
8. Analyze > Plot Profile. A Plot window should appear showing Gray Value 
(pixel value) versus Distance. 
9. If desired, save the plot image (File > Save). Data can be saved (click 
Save on the Plot window) or copied and pasted into a spreadsheet 
application such as Excel (Click Copy on the Plot window, then paste into 
the other application). Proceed to the next section to quantify the profile 
data using ImageJ. 
Measurements of cable number, thickness, and intensity  
1. Count the number of peaks in the profile. This represents the number of 
actin cables within the mother cell. 
2. Determine a background level by inspection or by using a spreadsheet to 
average the values from the parts of the profile that are outside the cell. In 
ImageJ, draw a horizontal line across the plot at that gray value, as shown 
in red in Fig. 6.3.5B. 
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3. Cable thickness is defined as the width of the peak at half-maximal height 
above background. To find the height, using the Line ROI tool, draw a 
vertical line from the maximum height of the peak to the background line, 
as shown in blue in Fig. 6.3.5B. Holding the shift key while drawing a line 
forces the line to be either vertical or horizontal. 
4. Press T to add the vertical line to ROI Manager. Analyze > Measure. The 
Length value represents the maximum cable intensity.   
5. In the ROI manager window, check Show All and Labels. A small number 
will appear in the middle of the vertical line, marking half the peak height.  
6. Draw a horizontal line across the peak at half the peak height as shown in 
green in Fig. 6.3.5B. Analyze > Measure. The length of this horizontal 
line represents the thickness of the actin cable.  
7. Click the Wand tool and select an area under the peak above the 
background line. Analyze > Measure. The Area measurement represents 
integrated density of the cable and can give a relative measurement of 
actin content for each cable.  
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Appendix 4 – Characterization of mitochondrial inner membrane fusion and 
fission proteins. 
 
Higuchi-Sanabria R, Pon LA. 
 
All data and manuscript generated by Higuchi-Sanabria R 
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6.4.1. Abstract 
 Mitochondria are dynamic structures that constantly undergo the 
antagonistic cycles of fusion and fission to meet the bioenergetics demands of 
environmental changes. Mitochondrial fusion promotes mitochondrial quality 
through interorganelle complementation and production of an interconnected, 
branched network with higher energy output, while mitochondrial fission is 
important for sequestration and removal of damaged sections of mitochondria. 
The outer membrane fusion and fission machinery is well-defined in S. 
cerevisiae, with Fzo1p and Dnm1p pioneering these mechanistic pathways, 
respectively. However, the inner membrane fusion and fission machinery is still 
not well characterized. Here, we provide evidence that Mgm1p and Mdm33p 
promote inner membrane fusion and fission, respectively, but are not essential 
for these functions. In addition, inner membrane fusion and fission play a pivotal 
role in mitochondrial quality control.  
  
	  
	   236	  
6.4.2. Introduction 
 Mitochondria are membrane bound, semi-autonomous organelles 
containing their own protein synthesis machinery and DNA. While the most 
prominent function of mitochondria is energy production, they are indispensable 
even in organisms not dependent on respiration, such as S. cerevisiae, for their 
functions in fatty acid oxidation, assembly of iron-sulfur clusters, and heme 
biosynthesis. This remarkable organelle undergoes a balance of antagonistic 
fusion and fission cycles, which shape the mitochondrial compartment. 
Promoting fusion will result in an elongated, interconnected network of 
mitochondria, while shifts towards fission produces fragmented mitochondria. 
The large, interconnected network of mitochondria are beneficial in metabolically 
active cells (81), while fusion can promote sequestration of damaged 
compartments (82).  
 In yeast, mitochondrial fusion is mediated by the concerted efforts of outer 
membrane fusion protein, Fzo1p (83), and inner membrane fusion protein, 
Mgm1p (84). Ugo1p interacts directly with both Fzo1p and Mgm1p to promote 
simultaneous fusion of inner and outer membranes (85). Dnm1p, the dynamin-
related protein in yeast (DRP1 in mammals), is the master regulator of 
mitochondrial division. It is a soluble protein that is recruited to the mitochondrial 
surface by the functions of Mdv1p and Fis1p (86, 87). At the mitochondria, 
Dnm1p forms a ring, which constricts to sever the mitochondrial tubule (88). 
Recent studies have shown evidence for the role of the endoplasmic reticulum, 
myosin II motors, and inverted formins in this constriction (268, 269). However, 
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Dnm1p produces spirals that can only constrict to the diameter of ~100 nm, and it 
is plausible that this constriction is not sufficient to fully sever mitochondria (88, 
89, 270). These studies have brought up the question whether there exists a 
separate division machinery of the inner membrane. Here, we further analyzed 
the functions of Dnm1p, Fzo1p, Mgm1p, and Mdm33p in an attempt to elucidate 
the necessities of these proteins in regulation mitochondrial dynamics.  
 
6.4.3. Results 
 
6.4.3.1. Inner membrane fission is an isolated event from outer membrane 
fission and is not dependent on Dnm1p or Mdm33p.  
We tested Dnm1p’s function in mitochondrial fission both of the outer and 
inner membrane. We were able to differentiate the membranes by 
simultaneously imaging Tom70p-GFP, an outer membrane protein, and Cit1p-
mCherry, a matrix protein (Fig. 6.4.1). Previous studies indicate that mechanical 
stress and treatment with oxidating agents induces mitochondrial fragmentation. 
Our live cell Imaging of wild-type cells revealed that inner membrane and outer 
membrane fission occur in a concerted effort under both stress conditions.  
Moreover, we find that DNM1 is required for stress-induced mitochondrial 
fission. Specifically, we do not detect fission of the mitochondrial outer 
membrane in dnm1∆ cells that are exposed to mechanical stresses including 
high speed centrifugation or vigorous vortexing (data not shown). Perhaps more 
interestingly, dnm1∆ cells are still able to undergo inner membrane fission, 
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specifically under oxidative stress by treatment with 5 mM H2O2 (Fig. 6.4.1, 
Cit1p-mCherry images). Here, inner membrane fission events were visualized as 
beads of mitochondrial matrix along the tubule of an unbroken outer membrane 
tubule. These findings indicate that Dnm1p is not essential for inner membrane 
fission and that inner membrane fission events can occur independent of outer 
membrane fission.  
Fig. 6.4.1. Dnm1p is 
essential for outer 
membrane, but not 
inner membrane fis-
sion. Wild-type and 
dnm1∆ cells expressing 
Tom70p-GFP and Cit1p-
mCherry were imaged to 
visualize the mitochon-
drial outer membrane 
and matrix, respectively. 
Cells were treated with 
0.1% NaN3 for 5 min at 
30°C, 5 mM H2O2 for 30 
min at 30°C, and heat-
shocked at 42°C for 30 
min. Images are repre-
sentative of 100+ cells 
imaged over 3 inde-
pendent trials. Cell outl-
ines were drawn over 
phase images. Scale bar is 1 µm.  
 
Only little is known about inner membrane fission, and one possible 
candidate in yeast is Mdm33p. Mdm33p is a heptad repeat-containing inner 
mitochondrial membrane protein, and deletion of MDM33 results in elongated 
tubules of mitochondria while its overexpression leads to mitochondrial 
fragmentation (189). Here, we tested whether Mdm33p is necessary for inner 
membrane fission.  
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We quantified the number of inner membrane fission events compared to 
outer membrane fission events by again imaging cells expressing Tom70-GFP 
and Cit1p-mCherry to differentiate between the outer membrane and inner 
membrane. We counted the number of inner membrane tubules visualized by 
Cit1p-mCherry and the number of outer membrane tubules visualized by 
Tom70p-GFP. A single mitochondrial tubule was defined as an individual 
mitochondrion physically separated by space from other mitochondria, regardless 
of size. These values were represented as the ratio of inner membrane tubules to 
outer membrane tubules to correct for inner membrane and outer membrane 
fission events that occur simultaneously.  
Wild-type and mdm33∆ cells were treated with 5 mM H2O2 for 30 min at 
30°C and imaged immediately (Fig. 6.4.2). We find that Mdm33p is not 
necessary for inner membrane fission. Unexpectedly, we see that mdm33∆ cells 
have a slight increase in the number of inner membrane fission events compared 
to wild-type cells (Fig. 6.4.2B). To eliminate the confounding effects of Dnm1p’s 
role in outer membrane fission, we performed the same experiments in dnm1∆ 
cells. Indeed in dnm1∆ cells treated with H2O2 a large number of inner membrane 
fission events isolated from outer membrane fission events can be detected. 
Deletion of MDM33 in dnm1∆ cells results in a significant decline in these inner 
membrane fission events, although inner membrane fission does still occur. 
These data suggest that Mdm33p regulates inner membrane fission, but is not 
necessary for the event to occur. It is possible that another yet to be identified 
player mediates inner membrane fission, and Mdm33p promotes this event. 
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Fig. 6.4.2. Mdm33p 
is not necessary for 
inner membrane 
fission. A) Wild-type, 
mdm33∆, dnm1∆, and 
dnm1∆ mdm33∆ cells 
expressing Tom70p-
GFP and Cit1p-
mCherry were imaged 
for mitochondrial 
outer membrane and 
matrix, respectively. 
Cells were imaged 
either untreated or 
treated with 5 mM 
H2O2 for 30 min at 
30°C prior to imaging. 
Cell outlines were 
drawn over phase 
images. Scale bar is 1 
µm. B) Quantification 
of the number of inner 
membrane tubules 
normalized to the 
number of outer 
membrane tubules. A 
single tubule is 
defined as a 
continuous, discrete organelle. Error bars represent SEM. n = 40+ cells per 
strain. Data is representative of 3 independent trials.  
 
 We have shown previously (see Chapter 3) that deletion of DNM1 results 
in an interconnected mitochondrial reticulum that has higher mitochondrial 
membrane potential (∆ψ). Therefore, we tested whether deletion of MDM33, 
which results in interconnected tubules similar to those found in dnm1∆ cells, 
also promotes mitochondrial quality. To measure mitochondrial ∆ψ, we used the 
dye, DiOC6, which is imported to the mitochondrial matrix in a ∆ψ-dependent 
manner (145). DiOC6 intensities were normalized to mitochondrial mass by 
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normalizing to Tom70p-mCherry intensities, a protein that is imported into the 
mitochondria in a ∆ψ-independent manner. Similar to dnm1∆ cells, we find that 
mdm33∆ cells have an interconnected reticulum with higher mitochondrial ∆ψ 
(Fig. 6.4.3). Unexpectedly, simultaneous loss of DNM1 and MDM33 results in a 
collapse of mitochondrial ∆ψ, despite maintenance of an interconnected, tubular 
morphology. Multiple studies have shown that mitochondrial fusion and fission 
are linked with mtDNA maintenance (141), so we tested whether this defect may 
be due to the loss of mtDNA. Indeed we see that dnm1∆ mdm33∆ cells lack 
mtDNA while either single deletion mutants maintain mtDNA (Fig. 6.4.S1 and 
Table 6.4.S1). It is likely that the collapse in ∆ψ is due to the loss of mtDNA, 
though it is unclear how dnm1∆ mdm33∆ cells lose mtDNA.  
Fig. 6.4.3. Mdm33p 
regulates mitochondrial 
quality similar to 
Dnm1p. A) DiOC6 was 
used to visualize 
mitochondrial ∆ψ in wild-
type, dnm1∆, mdm33∆, 
and dnm1∆ mdm33∆ 
cells. Wild-type cells 
were treated with 10 mM 
FCCP for 15 min prior to 
imaging as a control. 
DiOC6 intensities were 
normalized for 
mitochondrial mass using Tom70p-mCherry. DiOC6/Tom70-mCherry ratio 
images superimposed on phase images. Higher numbers and warmer colors 
indicate higher ∆ψ. Scale bar = 1 µm. B) Notched dot box plot of average 
DiOC6:Tom70-Cherry ratio in wild-type, dnm1∆, mdm33∆, and dnm1∆ mdm33∆ 
cells. The central band in the box represents median, boxes indicate the middle 
quartiles, whiskers extend to the 5th and 95th percentiles. n = 26-41 cells per 
strain. Data is representative of 2 independent trials. * = p < 0.05; ** = p < 0.01; 
*** = p < 0.001. p values were calculated using Kruskal-Wallis testing.  
 
6.4.3.2. Mgm1p promotes, but is not essential, for inner membrane fusion. 
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 Contrary to inner membrane fission, much more is known about inner 
membrane fusion. Mgm1p, a dynamin-related GTPase has been shown to be 
essential for inner membrane fusion in yeast (84). In vitro assays have shown 
that mitochondrial vesicles lacking Mgm1p can fuse outer membranes, but not 
inner membranes. Here, we tested the role of Mgm1p on inner membrane 
fission. We found that deletion of MGM1 in dnm1∆ cells results in a slight 
increase in inner membrane tubules compared to dnm1∆ cells, suggesting that 
loss of MGM1 results in an increase in inner membrane fragmentation (Fig. 
6.4.4A-B). To further characterize Mgm1p’s role in inner membrane fusion, we 
fragmented the inner membrane of dnm1∆ and dnm1∆ mgm1∆ cells by exposure 
to high levels of H2O2 and measured the fusion rate of the inner membrane after 
H2O2 washout. We found that deletion of MGM1 in dnm1∆ cells delayed the inner 
membrane fusion rates, but did not prevent it (Fig. 6.4.4C). These data provide 
evidence that Mgm1p promotes mitochondrial inner membrane fusion, but is not 
necessary for its action. It is likely that other proteins can mediate inner 
membrane fusion when Mgm1p is absent.  
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Fig. 6.4.4. Mgm1p promotes, but is not necessary, for inner membrane 
fusion. A) Wild-type, dnm1∆, and dnm1∆ mgm1∆ cells expressing Tom70p-GFP 
and Cit1p-mCherry were imaged for mitochondrial outer membrane and matrix, 
respectively. Cell outlines were drawn over phase images. Scale bar is 1 µm. B) 
Quantification of the number of inner membrane tubules normalized to the 
number of outer membrane tubules. A single tubule is defined as a continuous, 
discrete organelle. Error bars represent SEM. n = 40+ cells per strain. Data is 
representative of 2 independent trials. C) wild-type, dnm1∆, and dnm1∆ mgm1∆ 
cells were treated with 5 mM H2O2 for 30 min at 30°C, then recovered for 30 min 
or 60 min shaking at 30°C. The number of inner membrane tubules were 
quantified relative to the number of outer membrane tubules. Error bars 
represent SEM. n = 30+ cells per strain. Data is representative of 2 independent 
trials.  
 
 We next tested whether inner Mgm1p plays a role in mitochondrial quality 
control. We measured DiOC6:Tom70p-mCherry ratios and find that mgm1∆ cells 
have a collapse of mitochondrial ∆ψ (Fig. 6.4.5A-B). This loss of mitochondrial 
∆ψ is likely due to the loss of mtDNA in this strain (Fig. 6.4.S1 and Table 
6.4.S1). Indeed the ∆ψ of mgm1∆ cells is comparable to mgm101∆ cells, a rho0 
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control with properly functional fusion and fission machinery. This is consistent 
with previous reports (153) and our findings that fusion mutants have 
dysfunctional mitochondria due to the loss of mtDNA.  
 
 
Fig. 6.4.5. Deletion of MGM1 results in a significant decline in mitochondrial 
quality in wild-type and dnm1∆ cells. A) DiOC6 was used to visualize 
mitochondrial ∆ψ in wild-type, mgm1∆, and mgm101∆ cells. Wild-type cells were 
treated with 10 mM FCCP for 15 min prior to imaging as a control. Yeast bearing 
a deletion in MGM101, which encodes mtDNA recombination and repair protein 
required for mtDNA maintenance, were used as a representative rho0 control. 
DiOC6 intensities were normalized for mitochondrial mass using Tom70p-
mCherry. DiOC6/Tom70-mCherry ratio images superimposed on phase images. 
Higher numbers and warmer colors indicate higher ∆ψ. Scale bar = 1 µm. B) 
Notched dot box plot of average DiOC6:Tom70-Cherry ratio in wild-type, mgm1∆, 
and mgm101∆ cells. n = 35-70 cells per strain. Data is representative of 2 
independent trials. *** = p < 0.001. p values were calculated using Kruskal-Wallis 
testing. C) DiOC6/Tom70-mCherry ratio images of wild-type, dnm1∆, and dnm1∆ 
mgm1∆ cells superimposed on phase images. D) Notched dot box plot of wild-
type, dnm1∆, and dnm1∆ mgm1∆ cells. n = 35-88 cells per strain. Data is 
representative of 2 independent trials. *** = p < 0.001. p values were calculated 
using Kruskal-Wallis testing.  
 
 Therefore, we synthesized an mgm1∆ mutant that maintains mtDNA by 
producing a dnm1∆ mgm1∆ cell that lose mtDNA at a much slower rate (153). 
We find that these cells have a severe defect in mitochondrial membrane 
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potential (Fig. 6.4.5C-D), providing evidence that Mgm1p-mediated inner 
membrane fusion plays a role in mitochondrial quality.  
 
6.4.4. Discussion 
 Mitochondrial fusion and fission are dynamic processes that are under 
tight regulation to adapt mitochondrial morphology to the bioenergenetic needs of 
the cellular environment. In yeast, the function of Fzo1p and Dnm1p in outer 
membrane fusion and fission, respectively, is well understood. However, the 
proteins required for inner membrane fusion and fission is still poorly understood. 
 Here we provide evidence that inner membrane fusion and fission events 
can occur independently of outer membrane fusion and fission. In dnm1∆ cells 
where the outer mitochondrial membrane is interconnected as a single tubule, 
the inner membrane acts independently in dynamic fusion and fission events. It 
would be interesting to study whether these cycles are necessary for quality 
control. Indeed a large amount of mitochondrial proteins and other components 
are found in the matrix, and it is plausible that maintenance of fusion and fission 
of the inner membrane is sufficient for multiple quality control mechanisms. 
 Interestingly, we find that Mgm1p and Mdm33p are not necessary for inner 
membrane fusion and fission, respectively. While we find evidence that inner 
membrane fusion and fission are perturbed in the corresponding deletion 
mutants, given enough time, inner membrane fusion and fission can occur in the 
absence of these proteins. In the case of fission, it is plausible that outer 
membrane abscission itself can promote inner membrane fission in the absence 
of Mdm33p. However, we find that dnm1∆ mdm33∆ cells lacking both the inner 
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and outer membrane fission machinery still undergoes inner membrane fission, 
albeit at a much slower rate. It would be interesting to find the protein responsible 
for mediating this event, and determine whether this protein is necessary for 
mitochondrial fission overall. 
 Previous reports have indicated that inner membrane fusion is dependent 
on Mgm1p (84). These findings are inconsistent with our data that mitochondrial 
inner membrane fusion can occur in mgm1∆ cells. It is likely that the difference is 
due to the differences in experimental conditions. Meeusen et. al performed their 
experiments in an in vitro system, while our experiments were performed in live, 
yeast cells. It is possible that there exists a soluble molecule that can promote 
inner membrane fusion when Mgm1p is absent. Further experimentation is 
necessary to validate these hypotheses and to determine whether other yet to be 
identified players are involved in mitochondrial inner membrane fusion and 
fission.   
 
6.4.5. Materials and Methods 
Yeast Growth Conditions 
 S. cerevisiae strains are derivatives of the wild-type BY4741 strains 
(MATa his3∆1 leu2∆0 met15∆0 ura3∆0) from Open Biosystems (Huntsville, AL, 
USA). For all experiments, cells were grown in liquid cultures to mid-log phase 
(OD600 = 0.1-0.3) in a shaking incubator at 30°C in synthetic complete (SC) 
media or rich, glucose media (YPD).  
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Yeast strain construction 
 For deletion of DNM1, MDM33, MGM1, and MGM101, genes were 
replaced with LEU2, URA3, or KanMX-6 using primers listed in Table 6.4.S2. A 
PCR fragment containing regions homologous to sequences directly upstream of 
the start codon and directly downstream of the stop codon and coding regions for 
the selection marker of interest was amplified from POM13 for LEU2, POM12 for 
URA3, and pfa6-KanMX-6 for KanMX-6 (Addgene, Cambridge, MA) and cells 
were transformed with the PCR product using the lithium acetate method and 
selected for on SC-leu, SC-ura, and YPD+G418 (200 µg/mL) plates, respectively. 
Transformants were screened via PCR using screening primers listed in Table 
6.4.S2.  
 The C-terminus of Cit1p was tagged with yEpolylinker-mCherry using 
PCR-based insertion into the chromosomal copy of CIT1. A PCR fragment 
containing regions homologous to the 3’ end of CIT1 directly upstream and 
downstream of the stop codon and coding regions for mCherry and the 
hygromycin B resistance marker hphMX4 was amplified from PCY3090-02 
(Addgene, Cambridge, MA) with forward primer 5’ AAAATACAAGG 
AGTTGGTAAAGAAAATCGAAAGTAAGAACGGTGACGGTGCTGGTTTA 3’ and 
reverse primer 5’ TTTGAATAGTCGCATACCCTGAATCAAAAATCAAATTTT 
CCATCGATGAATTCGAGCTCG 3’. Appropriate strains were transformed with 
the PCR product using the lithium acetate method and transformations were 
selected on YPD containing 200 µG/mL hygromycin B. Cells positive for 
mCherry-tagged Cit1p were screened by fluorescence microscopy.  
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 For C-terminal tagging of Tom70p with GFP(S65T) or yEpolylinker-
mCherry, a similar approach as described above was used. For PCR-based 
tagging with GFP(S65T)-HIS3, forward primer 5’ TCAAGAAACTTTAGCTAA 
ATTACGCGAACAGGGTTTAATGCGGATCCCCGGGTTAATTAA 3’ and reverse 
primer 5’ TTGTCTTCTCCTAAAAGTTTTTAAGTTTATGTTTACTGTGAATTCGA 
GCTCGTTTAAAC 3’ were used to PCR amplify GFP(S65T)-HIS3 off of the 
pFA6a-GFP(S65T) (Addgene, Cambridge, MA) plasmid and transformants were 
selected on YPD containing 200 µg/ml geneticin. For yEpolylinker-mCherry 
tagging, forward primer 5’ TCAAGAAACTTTAGCTAAATTACGCGAACAGGGT 
TTAATGGGTGACGGTGCTGGTTTA 3’  and reverse primer 5’ TTGTCTTCTCCT 
AAAAGTTTTTAAGTTTATGTTTACTGTATCGATGAATTCGAGCTCG 3’ were 
used to PCR amplify yEpolylinker-mCherry off of the PCY3090-02 (Addgene, 
Cambridge, MA) plasmid and transformations were selected on YPD containing 
200 µG/mL hygromycin B. 
 
Microscopy 
 All imaging was performed as previously described (156) on an inverted 
AxioObserver.Z1 microscope with a 100x/1.3 oil EC Plan-Neofluar objective 
(Zeiss, Thornwood, NY) and Orca ER cooled CCD camera (Hamamatsu, 
Bridgewater, NJ). For visualization of GFP and mCherry, fluorophores were 
excited using a metal halide lamp and imaged through standard DAPI (Zeiss filter 
set 49; excitation G365, dichroic FT 395, emission 445/50), GFP (Zeiss filter set 
46 HE; dichroic FT 515, emission 535/30), and rhodamine filter sets (Zeiss filter 
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set 43 HE; excitation 550/25, dichroic FT 570, emission 605/70). Z-series were 
collected through the entire cell at 0.5 µm intervals using 1x1 binning and gain at 
216. Exposure times used were as follows: 200 ms exposure time for Tom70p-
mCh, Tom70p-GFP, and Cit1p-mCh; 100 ms exposure time for DAPI; and 50 ms 
exposure time for DiOC6. Hardware was controlled by ZEN (Zeiss) software and 
all image processing was performed on Volocity (Perkin-Elmer) software. Images 
were deconvolved using a constrained iterative restoration algorithm (Volocity, 
Perkin-Elmer, Waltham, MA) with the following parameters: GFP and DiOC6: 507 
nm emission wavelength, 60 iterations, 100% confidence limit; mCherry: 610 nm 
emission wavelength, 60 iterations, 100% confidence limit; DAPI: 460 nm 
emission wavelength, 60 iterations, 100% confidence limit.  
 
Quantification of inner membrane and outer membrane tubules 
 For quantification of inner and outer membrane tubules, yeast cells 
expressing Tom70p-GFP and Cit1p-mCherry were grown to mid-log phase in SC 
at 30°C and imaged for mitochondrial outer membrane and matrix, respectively. 
Individual tubules disconnected by areas lacking fluorescence were quantified to 
determine the number of distinct inner and outer membrane tubules. A ratio of 
inner membrane:outer membrane tubules were quantified for each strain as 
specified in figure legends. 
 To promote fragmentation, cells were treated with 0.1% NaN3 for 10 min, 5 
mM H2O2 for 30 min, and heat-shocked at 42°C for 30 min in SC media. For 
immediate imaging, drugs were not washed out, but cells were imaged within 5 
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min. For recovery experiments, H2O2 was washed out by three washes with SC 
media before shaking in SC at 30°C for the designated time. dnm1∆ cells were 
also treated with 10 mM Lat-A for 5 min, 10% DMSO for 30 min, max-speed 
vortexing on a Vortex Genie (Scientific Industries, Bohemia, NY) for 10 min, and 
centrifugation at 16558 x g for 10 min and no outer membrane fission was 
detected under these conditions (data not shown).  
 
Measurement of mitochondrial membrane potential using DiOC6 
 For determination of mitochondrial ∆ψ, yeast cells expressing Tom70p-
mCherry were grown to mid-log phase in SC at 30°C, washed, and resuspended 
in staining buffer (10mM HEPES, 5% glucose). These cells were stained with 
DiOC6 in staining buffer to a final concentration of 17.5 nM. Cells were incubated 
for 15 min with shaking at room temperature, washed three times with staining 
buffer, concentrated, and mounted on slides and imaged for no more than 2 
minutes. If imaged longer, DiOC6 staining may become uneven, and this is all a 
moo point…yeah it’s like a cow’s opinion. It just doesn’t matter. It’s moo. DiOC6-
to-Tom70-mCherry ratios were calculated by dividing, pixel by pixel, the intensity 
of DiOC6 by the intensity of Tom70-mCherry after background subtraction and 
thresholding. 
 
Staining of mtDNA using DAPI  
 DAPI staining was performed on live cells by staining at a final 
concentration of 1 µG/mL DAPI directly in cell culture media (SC). Cells were 
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stained for 10 min shaking at room temperature, washed three times with cell 
culture media, and imaged immediately for no longer than 5 min.  
 
6.4.6. Supplemental Information 
Fig. 6.4.S1. Deletion of MGM1 and 
simultaneous deletion of DNM1 and MDM33 
result in loss of mtDNA. Wild-type, dnm1∆, 
mdm33∆, mgm1∆, dnm1∆ mdm33∆, and 
dnm1∆ mgm1∆ cells expressing Tom70p-mCh 
were stained with 1 µG/mL DAPI for 10 min 
and imaged immediately. Cell outlines were 
drawn over phase images. Scale bar is 1 µm.  
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Strain DAPI + Total Cells % DAPI+ Cells 
Wild-type 62 62 100 
dnm1∆ 66 72 91.7 
mdm33∆ 64 78 82.0 
mgm1∆ 2 56 3.6 
dnm1∆ mdm33∆ 5 65 6.6 
dnm1∆ mgm1∆ 54 61 87.8 
Table 6.4.S1. Fusion and fission mutants have defects in mtDNA 
maintenance. Wild-type, dnm1∆, mdm33∆, mgm1∆, dnm1∆ mdm33∆, and 
dnm1∆ mgm1∆ cells expressing Tom70p-mCh were stained with 1 µG/mL DAPI 
for 10 min and imaged immediately. The number of DAPI+ cells were quantified 
relative to total cell number.  
 
Purpose 
Forward Primer Reverse Primer 
Forward 
Sequencing 
Primer 
Reverse 
Sequencing 
Primer 
dnm1∆ 
(LEU2) 
TTAAGTAGCTACCA
GCGAATCTAAATAC
GACGGATAAAGAT
GCAGGTCGACAAC
CCTTAAT 
CAATGTTGAAGTAA
GATCAAAAATGAG
ATGAATTATGCAAG
CAGCGTACGGATA
TCACCTA 
CCTTTACT
CTACTGCT
CAGGTTG
G 
GAATGGA
GAGGAGA
GCACATTT
G 
dnm1∆ 
(KanMX-6) 
TTAAGTAGCTACCA
GCGAATCTAAATAC
GACGGATAAAGAC
GGATCCCCGGGTT
AATTAA 
CAATGTTGAAGTAA
GATCAAAAATGAG
ATGAATTATGCAAG
AATTCGAGCTCGTT
TAAAC 
CCTTTACT
CTACTGCT
CAGGTTG
G 
GAATGGA
GAGGAGA
GCACATTT
G 
mgm1∆ 
(URA3) 
GGCCATCCCAAGA
GTGGCGAACTATA
ACACATTAGTAAG
GTGCAGGTCGACA
ACCCTTAAT 
TGCTATTTACAAAT
TCTCTAATGACACT
ATTTATTTTACAGC
AGCGTACGGATAT
CACCTA 
GTAGCGT
TCTATTGA
AAGGCAA
GAC 
GAAGAAT
GATTCTAA
CCCACGT
CGATC 
mdm33∆ 
(LEU2) 
AAATTGTAACGGG
TGAACTCAGTGATT
AAAAAATTGCGTGT
GCAGGTCGACAAC
CCTTAAT 
TGCGTGTTTTTTTA
ACGATATTCTTGCG
CAGTATATCATGG
CAGCGTACGGATA
TCACCTA 
GACATGA
GGCATAG
GGCTTTG
ACC 
GCGCTAC
GAAGAGC
CAAACATT
AGAG 
mgm101∆ CTAAAAAAGGAAA ATATACTTACTAAA CGAAATTT GTACTGA
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(LEU2) GAAAGGACAAGTA
GGAAGATCAGCGT
ACGTGCAGGTCGA
CAACCCTTAAT 
ATTAGCTTATATGG
TTCGCATATTGAGC
AGCGTACGGATAT
CACCTA 
ATCGACA
GAATAATG
G 
CACTACG
CACTACC 
Table 6.4.S2. Primers to delete genes. 
 
Strains Genotype Source 
BY4741 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 Open Biosystems 
RHY172 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 dnm1∆::LEU2 This study 
RHY190 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 
mgm101∆::LEU2  
This study 
RHY236 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 TOM70-
yEpolylinker-mCherry-hphMX4 
This study 
RHY238 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 dnm1∆::LEU2 
TOM70-yEpolylinker-mCherry-hphMX4 
This study 
 
RHY240 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 
mgm101∆::LEU2 TOM70-yEpolylinker-mCherry-
hphMX4 
This study 
RHY274 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 
mdm33∆::LEU2 
This study 
RHY284 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 
mdm33∆::LEU2 TOM70-yEpolylinker-mCherry-
hphMX4 
This study 
RHY285 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 
dnm1∆::KanMX-6 mdm33∆::LEU2 TOM70-
yEpolylinker-mCherry-hphMX4 
This study 
RHY288 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 dnm1∆::LEU2 
mdm33∆::LEU2 CIT1-yEpolylinker-mCherry-hphMX4 
TOM70- GFP(S65T)-HIS3 
This study 
RHY289 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 dnm1∆::LEU2 
CIT1-yEpolylinker-mCherry-hphMX4 TOM70- 
GFP(S65T)-HIS3 
This study 
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RHY291 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 dnm1∆::LEU2 
mgm1∆::URA3 
This study 
RHY292 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 dnm1∆::LEU2 
mgm1∆::URA3 CIT1-yEpolylinker-mCherry-hphMX4 
TOM70- GFP(S65T)-HIS3 
This study 
RHY293  MATa his3∆1 leu2∆0 met15∆0 ura3∆0 mgm1∆::URA3 
TOM70-yEpolylinker-mCherry-hphMX4 
This study 
RHY294 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 dnm1∆::LEU2 
mgm1∆::URA3 TOM70-yEpolylinker-mCherry-hphMX4 
This study 
RHY304 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 
dnm1∆::KanMX-6 mdm33∆::LEU2 CIT1-yEpolylinker-
mCherry-hphMX4 TOM70- GFP(S65T)-HIS3 
This study 
RHY305 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 dnm1∆::LEU2 
mgm1∆::URA3 CIT1-yEpolylinker-mCherry-hphMX4 
TOM70- GFP(S65T)-HIS3 
This study 
Table 6.4.S3. Strains used in this study 
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Appendix 5 - The histone acetyl transferase complex protein, Hif1p, 
regulates the mitochondrial oxidative stress response. 
 
Higuchi-Sanabria R, Vevea JD, Pon LA. 
 
All experiments and manuscript preparation executed by Higuchi-Sanabria R 
Vevea JD contributed to experimental design 
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6.5.1. Abstract 
 
 Reactive oxygen species, while damaging, can have beneficial effects on 
cellular health. When subject to oxidative stress, cells activate genes responsible 
for removal of ROS and reversing the damage caused. The activation of this 
oxidative stress response has protective effects on the cell, such that low levels 
of oxidative stress can increase cellular health and lifespan. Here, we find that S. 
cerevisiae mount a mitochondrial oxidative stress response when subject to low 
levels of hydrogen peroxide. In addition, we find a novel role for Hif1p, a member 
of the histone acetyl transferase-B complex, in regulation of this oxidative stress 
response.  
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6.5.2. Introduction 
Reactive oxygen species (ROS) are often stigmatized as pathogenic due 
to its potent action of promoting damage to many cellular components, including 
proteins, lipids, and DNA. However, ROS play an important role in signal 
transduction pathways including apoptosis, differentiation, migration, 
inflammation, and proliferation by acting as a second messenger molecule (271). 
While the exact mechanism underlying the role of ROS in signal transduction is 
still under investigation, several studies have shown a role for ROS signaling in 
activation of hypoxia-inducible factor 1 (Hif-1), a transcription factor that regulates 
expression of pro-survival (e.g. IGF2), pro-angiogenic (e.g. VEGF) and 
antioxidant enzymes (e.g. catalase) (272-274). Specifically, H2O2 stabilizes Hif-
1a, one of two subunits of Hif-1, which in turn leads to increased transcriptional 
regulation by Hif-1. 
In Saccharomyces cerevisiae, oxidative stress results in defects in 
mitochondrial function, and ultimately aging and death (4, 14, 47). There are 
multiple pathways identified in yeast that mediate ROS response, including the 
heat shock response (275), pentose-phosphate response, (276), and the sirtuin 
family of proteins. Indeed, the lifespan regulator, Sir2p, has been identified in 
playing a critical role in maintenance of mitochondrial quality by actin-mediated 
subcellular localization of catalase activity (14). Serving as a primary histone 
deacetylases, Sir2p links histone acetylation status with a myriad of cellular 
homeostasis mechanisms including replicative senescence, reproduction, actin 
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cytoskeletal dynamics, and gene silencing (10, 99, 277-279). Here, we tested 
whether Sir2p is critical for cellular oxidative stress response in yeast. 
We have also extended our studies to Hif1p, a component of the histone-
acetyl transferase B (HAT-B) complex. The HAT-B complex promotes histone 
acetylation, and has previously been identified to antagonize Sir2p activity, such 
that deletion of its components increase lifespan (280). These studies also 
showed that SIR2 has a dominant epistatic effect over HAT-B. Here, we studied 
the interaction between Sir2p and Hif1p, as well as their individual contributions 
to the oxidative stress response.  
 
6.5.3. Results 
 
6.5.3.1. Loss of function of the HAT complex results in decreased 
mitochondrial quality and function. 
Previous work has identified that deletion of the histone deacetylases, 
SIR2 results in increased oxidative stress and decreased mitochondrial fitness 
(10). Thus we hypothesized that deletion of Hif1p, a component of the histone 
acetyl transferace complex, HAT-B would have the opposite effect. We 
measured mitochondrial quality using mito-roGFP1, a redox sensitive fluorophore 
described in Chapter 2 and Appendix 2. Surprisingly, we find that deletion of 
HIF1 results in decreased redox fitness of mitochondria (Fig. 6.5.1A-B). To 
further characterize the interaction between Sir2p and Hif1p, we also measured 
mitochondrial redox state in hif1∆ sir2∆ double deletion cells, and find that the 
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redox state of these cells is identical to hif1∆ cells, and is similar to those found in 
sir2∆ cells (Fig. 6.5.S1A). Consistent with this, we find that hif1∆ and hif1∆ sir2∆ 
cells have decreased mitochondrial motility (Fig. 6.5.1B).  
Taken together, these data suggest that Hif1p plays a positive role on 
mitochondrial quality control. Previous reports have found that deletion of HAT-B 
complex proteins results in increased lifespan. The discrepancy may be due to 
the fact that different components of the HAT-B complex are important for 
variable activity, and while deletion of Hat2p results in increased lifespan (280), 
deletion of Hif1p has a detrimental effect. Further characterization of these 
proteins and their interactions is necessary to validate this hypothesis.  
 
Fig. 6.5.1. Deletion of HIF1 results 
in decreased redox fitness and 
motility of mitochondria. A) mito-
roGFP1 was used to visualize redox 
state of mitochondria in wild-type, 
hif1∆, and hif1∆ sir2∆ cells. Images 
are reduced:oxidized mito-roGFP1 
ratios overlaid on phase images. 
Color scale indicates ratio values; 
higher numbers and warmer colors 
indicate more reducing mitochondria. 
Scale bar, 1µm. (B) Notched dot box 
plot of the average reduced:oxidized 
mito-roGFP1 ratio in wild-type, hif1∆, 
and hif1∆ sir2∆ cells. n = 70-100 cells 
per strain. Data is representative of 3 
experiments. (C-D) Notched dot box 
plot of the average velocity of 
anterograde (C) and retrograde (D) 
mitochondrial movements in wild-type 
hif1∆, and hif1∆ sir2∆ cells. n = 40-50 
cells per strain. Data is pooled form 3 
independent trials. *** = p-value < 
0.001 using the non-parametric 
Kruskal-Wallis test. 
	  
	   260	  
 
6.5.3.2. HAT-B function is required for the mitochondrial oxidative stress 
response. 
Hormesis is the process whereby treatment with low levels of agents that 
would be toxic or damaging at high levels has a beneficial effect. For example, 
under conditions of low levels of oxidative stress, cells activate oxidative stress 
response genes such as catalases and peroxidases to eliminate ROS (14, 274), 
unfolded-protein response to promote repair of damaged proteins (281), and 
autophagy to eliminate damaged organelles (282). Activation of the oxidative 
stress response promotes cell health and survival, such that low levels of stress 
can promote cellular health and lifespan. Indeed studies in C. elegans have 
shown that low levels of paraquat – a drug that induces superoxide formation in 
mitochondria and other cellular compartments – can increase lifespan by 
activation of hypoxia inducible factor-1 (273).  
We find that low levels of H2O2 in yeast can actually promote 
mitochondrial redox state (Fig. 6.5.2A-B). Specifically, acute treatment of wild-
type cells with 0.5 or 1 mM H2O2 results in increased mitochondrial redox state 
compared to that observed in untreated cells. We hypothesize that this increase 
in mitochondrial quality is due to the mounting of an oxidative stress response. 
We also find that deletion of HIF1 results in loss of this oxidative stress response, 
such that hif1∆ cells treated with H2O2 show a trend towards decreased 
mitochondrial redox state (Fig. 6.5.2A-B). Interestingly, sir2∆ cells treated with 
H2O2 have a significantly higher mitochondrial redox state, suggesting that Sir2p 
is not necessary for the oxidative stress response activated by low levels of 
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peroxide insult (Fig. 6.5.S1A). However, hif1∆ sir2∆ cells have no oxidative 
stress response similar to hif1∆ cells (Fig. 6.5.2A-B). 
 
Fig. 6.5.2. Hif1p is essential for the oxidative stress response in yeast. A) 
Wild-type, hif1∆, and hif1∆ sir2∆ cells expressing mito-roGFP1 were treated with 
0.5 mM and 1.0 mM H2O2 for 30 minutes prior to imaging. Images are 
reduced:oxidized mito-roGFP1 ratios overlaid on phase images. Color scale 
indicates ratio values; higher numbers and warmer colors indicate more reducing 
mitochondria. Scale bar, 1µm. (B) Notched dot box plot of the average 
reduced:oxidized mito-roGFP1 ratio in wild-type, hif1∆, and hif1∆ sir2∆ cells 
untreated and treated with 0.5 mM and 1.0 mM H2O2. n = 70-108 cells per strain. 
Data is representative of 3 experiments. *** = p-value < 0.001 using the non-
parametric Kruskal-Wallis test.  
 
Since deletion of HIF1 results in loss of the oxidative stress response, we 
tested whether overexpression could promote it. However, we find that 
overexpression of HIF1 or SIR2 does not result in a heightened stress response 
compared to wild-type cells (Fig. 6.5.S1B). It is possible that we have hit the 
upper limit of the dynamic range of the mito-roGFP1 fluorophore or the upper 
limit of mitochondrial redox state in yeast. It would be interesting to test 
mitochondrial quality using other methods, such as mitochondrial membrane 
potential, or under additional oxidative stress conditions, such as paraquat or 
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tert-Butyl hydroperoxide treatment. These studies may help to parse out the 
differences between wild-type and HIF1 overexpressing cells.  
 
6.5.4. Discussion 
 
 ROS, while often damaging, play a critical role in signal transduction, 
specifically under conditions of stress. Here, we find that S. cerevisiae subject to 
low levels of oxidative stress have increased mitochondrial quality, potentially 
due to activation of the oxidative stress response. We find that Hif1p, a member 
of the HAT-B complex, is critical for mounting this oxidative stress response and 
that Sir2p is not required for this function.  
 Still to be determined is how Hif1p regulates mitochondrial quality control 
and the oxidative stress response. Previous reports have suggested a close 
linkage between Hif1p and Sir2p activity (280), and it is possible that Hif1p 
functions in regulation of Sir2p or its downstream targets. It would be interesting 
to test whether deletion of HIF1 affects Sir2p activity. In addition, since Sir2p and 
the HAT-B complex have contrasting functions in regulation of histone acetylation 
status, it would be of interest to measure histone acetylation status, as well as 
perform a comparative transcriptome analysis of hif1∆, sir2∆, and hif1∆ sir2∆ 
cells. These studies will help to better characterize the mitochondrial oxidative 
stress response in S. cerevisiae. 
 
6.5.5. Materials and Methods 
 
 
Yeast strain construction 
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Knockout strains (Table 6.5.S1) were created by replacing the gene of 
interest with LEU2 or kanMX6 cassettes using primers listed in Table S2. A PCR 
fragment containing regions homologous to sequences directly upstream of the 
start and stop codons of the gene being deleted and coding regions for LEU2 or 
kanMX6 was amplified from plasmid POM13 and pfa6-kanMX6, respectively 
(Addgene, Cambridge, MA). BY4741 cells were transformed with the PCR 
product using the lithium acetate method and transformants were selected on 
SC-Leu. PCR using specific primers (Table 6.5.S2) was used to confirm deletion 
of the gene.  
 
Plasmid construction  
To create the plasmid pRS413-HIF1-3HA:HIS3, an insert containing HIF1-
3HA was amplified from genomic DNA purified from strain RHY007 using PCR 
and the following forward and reverse primers: 5’ 
CCGGGGATCCAGATCTATATTACCCTGTTATCCC3’ and 5’ CCGGGCGGCC 
GCTGCCTTCGGCAAAAGGTAATCT3’. The HIF1-3HA PCR product and 
pRS413 plasmid (Addgene, Cambridge, MA) were then digested with restriction 
enzymes BamHI and NotI (NEB, Ispwich, MA). These products were run on low 
melting agarose gels, ligated without purification using T4 ligase and used to 
transform DH5a competent bacterial cells. Plasmid clones were verified for 
proper plasmid construction and HIF1-3HA insertion by qPCR using sequencing 
forward and reverse primers: 5’CCCAAGGACAGCGAGTTACAGCAGG3’ and 
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5’GGGATAACAGGGTAATATAGATCT3’. Plasmids of positive clones were 
recovered and processed with a MidiPrep kit (Qiagen, Valencia, CA).  
 
Analysis of Mitochondrial Redox State using mito-roGFP 
 Strains transformed with a centromeric plasmid containing the 
mitochondrial targeting sequence of ATP9 fused to roGFP1 (mito-roGFP1) (4) 
were grown to mid-log phase. For titration experiments, cells at mid-log phase 
were treated with 5 mM H2O2 or 5 mM DTT for 30 min shaking at 30°C. 1.5 µL of 
cell suspension was applied to microscope slide and covered with a cover slip. 
Cells were imaged immediately, for a maximum of 15 min after slide preparation. 
Mito-roGFP1 was imaged using a 100x/1.3 EC Plan-Neofluar objective (Carl 
Zeiss), 365 nm and 470 nm LEDs at 100% power for excitation of oxidized and 
reduced forms, respectively, and a modified GFP filter (Zeiss filter set 46 HE with 
excitation filter removed; dichroic FT 515, emission 535/30).   
Images of mito-roGFP1 were collected with excitation at 470 and 365 nm 
to detect the reduced and oxidized forms, respectively. Z-series were collected 
through the entire cell at 0.3 µm intervals using 1x1 binning, and 75 ms and 150 
ms exposure, respectively. Images were deconvolved using a constrained 
iterative restoration algorithm with the following parameters: 507nm excitation 
wavelength, 60 iterations over 100% confidence (Volocity, Perkin-Elmer, 
Waltham, MA). Voxels were identified and quantified using Volocity 
Quantification software. To calculate the reduced to oxidized ratio of mito-
roGFP1, the intensity of the reduced channel (λex=470nm, λem=525nm) was 
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divided by the intensity of the oxidized channel (λex =365nm, λem =525nm). 
Ratioing was performed on Volocity software including background selection and 
thresholding steps. Zones of mother and bud were identified using corresponding 
transmitted-light images. For H2O2 treatments, cells were treated with either 0.5 
or 1.0 mM H2O2 for 30 min prior to imaging.  
 
6.5.6. Supplemental Information 
 
 
Fig. 6.5.S1. Deletion and overexpression of SIR2, and overexpression of 
HIF1 do not affect the mitochondrial oxidative stress response. 
A) Notched dot box plot of the average reduced:oxidized mito-roGFP1 ratio in 
wild-type and sir2∆ cells untreated and treated with 0.5 mM and 1.0 mM H2O2. n 
= 83-155 cells per strain. Data is representative of 3 experiments. *** = p-value < 
0.001 using the non-parametric Kruskal-Wallis test. B) Notched dot box plot of 
the average reduced:oxidized mito-roGFP1 ratio in wild-type, SIR2 
overexpressing, and HIF1 overexpressing cells untreated and treated with 0.5 
mM and 1.0 mM H2O2. n = 56-87 cells per strain. Data is representative of 3 
experiments. ** = p-value < 0.01; *** = p-value < 0.001 using the non-parametric 
Kruskal-Wallis test. 
 
Table 6.5.S1. Strains used in this study. 
Strains Genotype Source 
BY4741 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 Open 
Biosystems 
 
RHY001 
MATa his3∆1 leu2∆0 met15∆0 ura3∆0 sir2∆::kanMX6 
hif1∆::LEU2 [pmito-roGFP1:URA3] 
This study 
RHY002 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 sir2∆::kanMX6 
hif1∆::LEU2 
This study 
 
	  
	   266	  
RHY003 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 hif1∆::LEU2 [pmito-
roGFP1:URA3] 
 
RHY004 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 hif1∆::LEU2  This study 
 
RHY013 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 HIF1-3HA-kanMX6 
[pmito-roGFP1:URA3] [pRS413-HIF1-3HA:HIS3] 
This study 
 
RHY009 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 sir2∆::LEU2 (10) 
RHY010 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 sir2∆::LEU2 [pmito-
roGFP1:URA3] 
(10) 
RHY025 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 [pmito-roGFP1:URA3] (10) 
RHY031 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 SIR2-3HA-kanMX6 
[pmito-roGFP1:URA3] [pRS413-SIR2-3HA:HIS3] 
(10) 
 
 
Table 6.5.S2. Deletion primers used in this study.  
Purpose Forward 
Primer 
Reverse 
Primer 
Forward 
Sequencing 
Primer 
Reverse 
Sequencing 
Primer 
sir2∆ 
kanMX6 
CCATTCTCAC
GTATTTCAAG
AAATTAGGCA
TCGCTTCGG
CGGATCCCC
GGGTTAATTA
A 
 
GACTACAATA
ATTGAAAGG
AAAACAAAAT
TGTTTGCCG
AATTCGAGCT
CGTTTAAAC 
 
CCAACCATG
GTCCAGGAC
AGCCAG 
 
AATGATTTGA
ATTTGCTGTT
CCACC 
 
hif1∆ 
LEU2 
GGTAACATC
GGCGATGAG
GTCTCCTTCT
AGAAGTAAC
AGAATTGCA
GGTCGACAA
CCCTTAAT 
 
ATACATTACG
TATGTAGGTT
GCTACATTTT
ACACAAAACT
AGCAGCGTA
CGGATATCA
CCTA 
 
GATGTAGTAA
GTATGTCATT
TCAGGGATG
GTCTGCTTG
CTCGAATTC
GAGCTCGTT
TAAAC 
 
TTAGCGGGT
CTTGATGACA
TTATACTG 
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